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In the modern conception of the physiology of the heart beat, two 
‘contributions have played perhaps the most important part. The first 
of these is the proof that the activity of the heart may be analyzed into 
a number of different physiological properties or funetions. The more 
important of these are automaticity, conductivity and contractility; 
properties too well recognized today to require definition or explanation. 
These properties are developed in different degrees in different parts of 
the heart. The heart beat arises in a relatively small area which, 
because it. possesses the property of automaticity to the highest degree, 
initiates impulses for the rest of the heart. These impulses pass to all 
parts of the heart by virtue of the property of conductivity and cause 
contraction of the muscle fibers of the chambers. Removal of the influ- 
ence of the region of highest automaticity by its destruction, by its 
functional separation, or finally by reduction of its automatic power by 
cooling or other means, results in some other region of lower automaticity 
assuming the function of impulse initiation! Under these circum- 
stances the original “‘pacemaker” is quiescent or continues to beat at 
its original rate but without influence upon the remainder of the heart. 
This fundamental conception was developed by work on the cold-blooded 
heart through the pioneer experiments of Stannius and the brilliant 
extension and interpretation of these by Gaskell and Englemann. Ac- 
cording to Gaskell and Englemann, all parts of the heart have auto- 
maticity but in different degrees, this property being most developed 


1 Why the most automatic region should dominate the remainder of the organ 
and keep in abeyance the automatic power of other regions will probably not be 
entirely clear until the nature of the ‘‘inner stimulus’’ and the processes that 
underlie the initiation of the impulse are understood. The fact is that auto- 
matic power in any region only becomes manifest when removed from the influ- 
ence of impulses coming to this region at a more rapid rate than the region itself 
is capable of initiating. 
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at the venous end, and least within the ventricles. The seat of im- 
pulse initiation normally resides within the sinus venosus. Gaskell, 
correllating this difference in rhythmic power in different regions with 
the embryonic development, regards it as most pronounced in those 
regions which retain to the greatest degree the “embryonic character- 
istics” and are least specialized for the purposes of contraction and the 
propulsion of blood. 

The other contribution which we regard as fundamental for the present 
conception of the heart beat, is the series of physiological observations 
which indicates that recently discovered anatomical structures in the 
heart have the function of initiating and distributing the impulse on 
excitation to the contractile muscle tissues of the auricles and ventri- 
cles. Since much of the work contributary to this conception of cardiac © 
activity is of comparatively recent date, we consider it proper to discuss 
it in some detail under separate headings. 


ANATOMICAL CONSIDERATIONS 


The conception of the origin and conduction of the heart beat in 
mammals now most widely prevalent, is intimately associated with 
certain recent histological observations, which tend to support the view 
of an anatomical as well as a physiological separation of those different 
properties of cardiac tissue, namely, automaticity, conductivity and 
contractility. The first of these observations was the discovery of 
His (1) that a separate bundle of tissue crosses the auriculo-ventricular 
junction in the mammalian heart. The proof of its functional import- 
ance for conduction of the impulse was carried out by His (2), Humblet 
(3), Hering (4) and especially Erlanger (5). A new realization of the 
importance of the type of tissue comprising this structure developed, 
however, from the observations of Tawara and of Keith and Flack. 
The histological observations of Tawara (6) showed that the bundle is 
composed of tissue which differs from the usual type of cardiac muscle, 
and that it forms a part of an extensive system connecting the auricles 
with the ventricles. The bundle begins above in a network of inter- 
lacing fibers of peculiar structure, lying near the base of the interauricu- 
lar septum above the middle cusp of the tricuspid valve (the auriculo- 
ventricular node), and ends below in an extensive branching system 
reaching all parts of the endocardial surface of the two ventricles. 
The terminal branches are composed of large cells with prominent 
nuclei, the previously known Purkinje cells. The auriculo-ventricular 
node shows marked histological differentiation from the usual muscu- 
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lature of the auricles and ventricles, and its discovery presented an 
entirely new contribution to our knowledge of the more intimate struc- 
ture of the heart. ! 

The presence of a similar collection of tissue in the sulcus terminalis 
between the superior vena cava and the right auricle (the sino-auricular 
node), was discovered by Keith and Flack (7) in 1906. This tissue had 
been apparently observed previously by Wenckebach (8), who however 
interpreted it as a fibrous separating wall with a small bundle crossing 
it connecting the superior vena cava with the right auricle. Its struc- 
tural identity with the auriculo-ventricular node was appreciated by 
Keith and Flack, and these workers regarded it as forming an important 
remains of the sinus venosus, and therefore probably important from 
the functional standpoint of impulse initiation. The main histological 
elements of both the auriculo-ventricular and sino-auricular nodes are 
slender, interlacing fibers, which stain lightly, contain many elongated 
nuclei and are imbedded in closely packed connective tissue. The sar- 
coplasm is relatively large in amount and the fibrillae much less numer- 
ous than in the usual cardiac muscle fiber. Nuclei are present in large 
numbers and nerve fibers and ganglia are abundant within and near 
the node (9), (10). Both nodes also receive a special and profuse blood 
supply.” 

The anatomical characteristics of the nodes, the distribution of the 
ventricular system of fibers and the exact position and extent of the 
two nodes have been studied by numerous subsequent workers. The 
observations quoted above have been abundantly confirmed and many 
other important facts added. Observations from the developmental 
standpoint, by embryological studies made on a single species or by 
comparative studies in different species, have especial interest in rela- 
tion to the physiological importance and interpretation of the function 
of these structures. It is beyond the scope of this paper to consider 
this work in detail, but certain conclusions that may be drawn from the 
work of Koch, (12), (13), (14), (15), (16), Keith (17), Keith and Mac- 
kenzie (18), Mackenzie (19), (20), Kiilbs (21), Aschoff (22) and others, 
based in part on the older embryological observations of His and Born, 
would seem to be of sufficient importance to warrant presentation. 


2 In further support of the anatomical and functional similarity of the two 
nodes, there may be mentioned the presence of an unusually high glycogen con- 
tent in each, (11) and the fact, noted by Koch (12), that neither node takes part 


in hypertrophy or atrophy affecting the usual cardiac muscle of the auricles and 
ventricles. 








vag 


f J. A. E. EYSTER AND WALTER J. MEEK 


1. The sino-auricular node and a part at least of the auriculo-ven- 
tricular node are derived from the primitive sinus venosus. The auri- 
culo-ventricular node is divided into two parts, an auricular portion, or 
“atrial node” and a ventricular portion (22), (16). The former is prob- 
ably derived, along with the sino-auricular node, from the primitive 
sinus valves, while the latter arises from the auricular canal (23). The 
atrial node surrounds the opening of the coronary sinus and is sometimes 
designated as the coronary sinus portion of the auriculo-ventricular node. 

2. The auriculo-ventricular bundle and probably a part. of the 

auriculo-ventricular node are derived from the auricular canal of the 
primitive heart. In the lower adult reptilian heart, and in the 
early mammalian embryo, the auricular canal forms a prominent econ- 
nectior running from the junction of the sinus and atrium to the ven- 
tricle. The auricle is in large part a side growth from this canal. 
There is present a muscular path connecting sinus and ventricle which, 
according to Mall (24), can be still recognized in the 8 mm. embryo as a 
broad strand connecting these two regions. 
“ 3. In the adult hearts of amphibia and reptiles, the auriculo-ventricu- 
lar connection consists of two broad circular bands of vertically coursing 
fibers, forming really a right and left bundle, passing down from the 
lower border of the auricles deeply into the ventricle, where connec- 
tions are made with the ventricular muscle. The separation into two 
halves results from the presence of the large auriculo-ventricular valves 
posteriorly and the large vessels anteriorly. The fibers comprising 
these bundles are clearly differentiated from the myocardium by their 
histological resemblance to the auriculo-ventricular bundle of the mam- 
malian heart and by the presence of a connective tissue envelope. Fur- 
ther development leads to a greater and greater concentration of the 
fibers anteriorly with a disappearance of other parts of the ring, until 
in the mammalia the sole connection between auricles and ventricles is 
by a single collection of fibers originating in the auriculo-ventricular 
node and dividing at the anterior part of the base of the interventri- 
cular septum to form branches to each ventricle, the auriculo-ventricu- 
lar bundle of His. 

4. A sino-auricular junction, containing nodal tissue similar in 
structure to the sino-auricular and auriculo-ventricular nodes of the 
mammalian heart, is found at the right auricular border of the sinus 
venosus in the tortoise and selachian heart. In the eel, the nodal 
tissue is quite diffuse throughout the wall of the sinus, but accumulated 
somewhat more abundantly at the junction between the sinus and the 
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auricle. In the tortoise, the nodal tissue forms an almost complete 
circle at this junction. In the bird’s heart, histological differentiation 
has proven of some difficulty, and it was at first thought that the system 
of nodal tissue was absent (19), (20). Subsequent work, however, re- 
vealed the presence of nodal tissue, although there seems to be con- 
siderable doubt as to whether a sino-auricular node is present separate 
from the auricular portion of the auriculo-ventricular node (atrial node) 
(23). In the lower mammals, nodal tissue is extensively distributed 
along the original sino-auricular junction, while in the higher mammals 
it tends to become concentrated near the termination of the superior 
vena cava. 

5. Other remains of the sinus venosus, besides that forming the sino- 
auricular and a part of the auriculo-ventricular nodes, probably exist 
in the adult mammalian heart. The cross striated fibers at the mouth 
of the superior vena cava have been especially noted in this connection. 

6. While Keith and Flack, and Koch have described rather extensive 
connections between the sino-auricular node and the auricular muscu- 
lature, most investigators have been unable to trace any connection 
between the sino-auricular and auriculo-ventricular nodes, which shows 
any anatomical differentiation from the usual cardiac muscle. On all 
sides, short ramifications from the node disappear into the surrounding 
muscle. The supraventricular connections of the auriculo-ventricular 
node likewise appear to consist of numerous short branches extending 
out into the surrounding muscle. Curran (25), however, has described 
rather extensive bundle connections of the auriculo-ventricular node 
with the superior vena cava, right auricle and left auricle, and Thorel 
(26) found numerous branches from each node, consisting in large part 
of Purkinje cells, and making connection in the region of the coronary 


sinus. Thorel’s findings have.been denied by Aschoff and Monckeburg 
(27), Koch (15) and others. 


THE ORIGIN OF THE CARDIAC IMPULSE IN THE LOWER VERTEBRATES 


All of the older workers placed the origin of the beat in the tortoise 
and frog within the sinus venosus (28), (29) or at the junction of this 
chamber with the veins (30). More recently Garrey (31), working with 
the hearts of large tortoises and employing inspection and records by 
suspension, concluded that the beat began not in the sinus venosus, 
but in the right vein. This structure, according to Garrey, beats an 
appreciable interval before the sinus, and there may be recognized a 
_ veno-sinal interval comparable to the sino-auricular and auriculo-ven- 
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tricular intervals. The tortoise heart is thus regarded as consisting of 
four, rather than three, functional chambers, each beating alone and 
followed by the contraction of the next lower chamber after an appreci- 
able pause. Meek and Eyster (32), using the electrical method, located 
the seat of initial impulse formation in the sinus venosus, and in a later 
work (33), in which large turtles were used, the exact location was deter- 
mined in the sino-auricular junction. This latter position as the seat 
of origin of the impulse in the tortoise heart has also been arrived at by 
Schlomovitz and Chase (34), as a result of experiments in which the 
pacemaker was located by the method of local heating and cooling. 

In the bird’s heart Flack (35) was unable to demonstrate any specific 
or noteworthy effect on electrical or mechanical stimulation of the junc- 
tion of the venae cavae with the right auricle, and also found that cold 
applied to this region was less effective in slowing the whole heart than 
when applied to the right atrium. Mangold and Kato (36), however, 
localized the seat of impulse formation in the bird’s heart, by the method 
of local cooling, at the junction of the right superior and inferior vena 
cava with the right auricle. Since histological observations carried out 
by others (18), (19) had failed to reveal nodal tissue in this region, 
Mangold and Kato were inclined to believe that the origin of the heart 
beat in birds was in the usual cardiac muscle and not associated with 
nodal tissue. Subsequently, however, Mangold (37) associated the ~ 
origin of the beat with nodal tissue, but rather with the auricular por- 
tion of the auriculo-ventricular node (atrial node) than with the sino- 
auricular node. This conclusion was based on the view of Aschoff (23), 
that the sino-auricular node is not present in the bird’s heart, and the 
fact that the removal of the influence of the normal seat of initiation 
by local cooling (38) results in a rhythm in which the ventricular beats 
precede the auricular beats, and in which disturbances of conduction 
occur, with a more rapid ventricular than auricular rate. This type of 
rhythm is similar to that obtained by Zahn (39) in mammals as a result 
of cooling the auricular portion of the auriculo-ventricular node, and 
quite different from the type of rhythm obtained by cooling the sino- 
auricular node in these animals (see page 18). Mangold (38) also 

3 The rapid heart rate normally present in birds make the study of the origin 
and conduction of the beat difficult in these animals. Mangold states that 
it is frequently necessary artificially to slow the rate of the beat. This is un- 
doubtedly a procedure associated with possibilities of great error, since many 
experiments indicate that it may result in removal of the seat of impulse for- 
mation from its normal position. This fact, combined with the uncertainty as 


to the exact character and relation of the nodal tissues in these animals, places 
the whole problem in a somewhat unsatisfactory state. 
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found that the region of the bird’s heart that is susceptible to local 
cooling, showed initial negativity when compared with the right atrium 
(see page 20). 


EARLY EXPERIMENTAL OBSERVATIONS ON THE MAMMALIAN HEART 


The anatomical discoveries described in a preceding section have pro- 
foundly influenced the point of view of those investigators who have 
attempted to throw light upon the problems of the origin and conduc- 
tion of the excitation in the mammalian heart. The earlier workers 
directed their attention particularly to the lower part of the superior 
vena cava or the intercaval regions, in the belief that these parts repre- 
sent principal homologues of the primitive sinus venous, while since the 
description of the nodes and the ventricular conduction system, the 
main question has been the importance of these structures for impulse 
initiation and conduction. It would seem advisable, therefore, to 
describe first certain of the more recent researches which were carried 
out before these structures were described or without special reference 
to them, linking them up in certain instances with a few more recent 
repetitions or extensions of earlier observations. 

One of the first investigators to apply modern experimental methods 
to the study of this problem in the mammalian heart was MacWilliam 
(40). Employing.the principle elucidated by Gaskell (41) in work 
on the cold-blooded heart, that the rate of beat of the whole heart was 
affected by heat and cold only when applied to the region initiating 
the impulse, he found that mild heat applied to the terminal portions 
of the vena cava caused acceleration of the whole heart, while it was 
ineffective when applied to the ventricles. He did not state whether 
or not other regions of the veins or auricles were tested. Adam (42) 
localized more accurately the area affected by heat, finding this within 
the intercaval region and the point of maximum sensitiveness near the 
inferior vena cava. Langendorff and Lehmann (43) excised the region. 
described by Adam in artificially perfused rabbits’ and cats’ hearts, 
and found permanent auricular stoppage with temporary cessation of 
ventricular activity. If the hearts were perfused with defibrinated 
blood instead of saline solution, the results were less pronounced, slowing 
occurring in rabbits’, but in only one of four cats’ hearts, and in no case 
did ventricular quiescence result. In two rabbits, the region was ex- 
cised from the heart in situ. In one of these the auricles stopped for 
over a minute, in the other the rate was much slowed. After the exci- 
sion the ventricle showed a shortened compensatory pause following an 
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extrasystole, while previously ventricular extrasystoles had been asso- 
ciated with a full compensatory pause. This indicated that the ven- 
tricle assumed the function of impulse initiation, and further support 
for this view was found in the reaction of the ventricle to heat and cold 
after the excision in the intercaval region. Langendorff and Lehmann 
were of the opinion that neither the auricles nor the venae cavae have 
the power of independent automaticity, and in subsequent experiments 
of Lehmann, reported by Langendorff (44), it was found that the 
auricular appendages of both right and left auricles were not automatic, 
although automaticity could be developed within them by various 
external stimuli. Erlanger and Blackmann (45) repeated these experi- 
ments and obtained transitory stoppage of the ventricles with recovery 
at a slower rhythm. They also investigated the automaticity of vari- 
ous portions of the supraventricular regions of the heart by determining 
the rate of beat of isolated strips. The right atrium, near its junction 
with the superior vena cava, was found to have the highest automaticity 
in the sense that it contracted at a higher rate than other regions when 
isolated. The next most automatic region was found in the tissue near 
the coronary sinus. All parts of the right atrium, however, showed 
evidence of automaticity. Strips prepared from the left atrium rarely 
showed independent rhythmic beating. Erlanger and Blackmann 
noted that the auricles and ventricles often beat simultaneously after 
removal of the region of the mouth of the superior vena cava (auriculo- 
ventricular or “nodal rhythm’). Subsequent experiments by Erlanger 
(46), carried out with reference to the importance of the nodal tissue, 
are summarized on page 19. Hering (47) reported that a cut about 2 
cm. long in the long axis of the superior vena cava, extending across the 
sulcus terminalis into the auricle, caused prolonged stoppage of the 
supraventricular regions in a single experiment on an excised, arti- 
ficially perfused dog’s heart. He obtained similar results in other ex- 
periments from single cuts made along the line of the sulcus terminalis. 

A number of the earlier workers attempted localization of the seat of 
impulse initiation by observing that region which continued beating 
‘longest in the dying heart, on the assumption that this part was nor- 
mally the most automatic. The results, as might be expected, were 
quite divergent. The “ultimum moriens’” was placed by MacWilliam 
(40) and by Hering (48) at the junction of the superior vena cava and 
right auricle, and by Fredericq (49) in a region lower down between the 
two venae cavae. Hering (50), subsequent to the description of the 
sino-auricular and auriculo-ventricular nodes, located the region of the 
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last surviving contractions in most cases along the sulcus terminalis, 
in the remaining instances in the region of the coronary sinus (coronary 
sinus or atrial portion of the auriculo-ventricular node). Erlanger and 
Blackmann (45) made no more exact localization of the ultimum mori- 
ens than the region of the great veins as a whole. Hirschfelder and 
Eyster (51) observed contractions of the mouths of the great -veins 
rarely in dying hearts, and when such contractions occurred there was 
usually complete dissociation between these and the contractions of the 
auricle. Koch (52) found that the region of the coronary sinus was 
the last to show contraction in the dying hearts of stillborn infants. 
In three such cases he cut away successively portions of the caval and 
intercaval regions, right atrium and interauricular septum. No change 
in ventricular rate resulted until the lower third of the septum and the 
region of the coronary sinus was removed, when ventricular activity 
ceased. In the light of subsequent work it seems probable that these 
hearts were in auriculo-ventricular or “nodal rhythm” when the obser- 
vations were made. More recent experiments of Eyster and Meek (53), 
in which the seat of the ultimum moriens was compared with the seat. 
of impulse initiation as determined by the electrical method, have 
proved that the ultimum moriens is variable in position and may not 
coincide with the region which acts as the pacemaker in the normal 
heart nor even in the dying heart. The somewhat gratuitous assump- 
tion of the association of these two is therefore not supported by direct 
observation. These experiments moreover showed that impulse ini- 
tiation may occur in a region showing no visible contraction.* 

Several other experimental observations, either preceding the discov- 
ery of the sino-auricular and auriculo-ventricular nodes or made with- 
out especial reference to these structures, are worthy of record. Fred- 
ericq (54) studied conduction between the two auricles and between the 
auricles and ventricles by partially separating these chambers from the 
interauricular septum in dogs’ hearts under isolation and artificial per- 
fusion. It was found that after cutting away the venae cavae and a 
large part of the right auricle bordering the veins that the two auricles 
contracted synchronously. Complete separation of the two auricles, 
by a cut along the interauricular septum, produced. allorrhythmia, and 
the ventricles continued to beat in rhythm with the atiricle that retained 


‘This observation suggests therefore that the differentiation of automaticity 
and contractility may be complete in certain parts of the mammalian heart, 
and that regions in which the former property is most highly developed may 
have lost the power of contraction. 
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connection with the septum. Only a small bridge of connecting tis- 
sue (about 1 cm. in breadth), and indifferently situated, was sufficient 
to maintain a common rhythm of the two chambers. These observa- 
tions were confirmed by Hering (55). Similar observations carried out 
% by Fredericq (56) more recently, in which dogs’ hearts in situ were used 
and functional separation obtained by clamping, also indicated that 
complete separation of the right auricle from the interauricular septum 
“abolished its influence on the left auricle and ventricles, which then 
beat independently and usually simultaneously. Separation of the left 
auricle from the septum usually resulted in quiescence of this chamber. 
While it has been generally recognized that graphic records secured 
by suspension methods are difficult of application to the mammalian 
heart in any attempt to analyze the contraction wave within individual 
chambers, due to the rapid contraction, blood movements and periods 
of common activity in one or more chambers, there have been a few 
efforts to analyze curves of this type. Rehfish (57) found in graphic 
curves taken by suspension from the atiricle, a small wave, particularly 
pronounced during the slowing obtained by vagus stimulation, which 
immediately preceded the wave due to contraction of the main mass 
of the auricle. He referred this wave to contraction of the region initi- 
ating the impulse, the mouth of the superior vena cava. A wave on 
the venous pulse described by Eyster (58), which preceded the auricular 
wave in slow-beating human hearts, had apparently a diastolic rather 
than systolic origin. Extrasystoles produced by stimulating of the 
veno-auricular junction or the mouth of the superior vena cava in dogs, 
produced the usual type of venous pulse without a wave preceding the 
auricular wave. A splitting of the auricular wave of the electrocardio- 
gram, interpreted as indicating separate activity of the seat of impulse 
initiation and the main musculature of the right auricle, has been noted 
by Hering as a result of vagus stimulation and by Eyster and Meek 
(59) after partial isolation of the sino-auricular node.® 
One of the most important observations contributing to our present 
interpretation of the heart beat, is that after destruction or suppression 
of the normal pacemaker, the function of impulse initiation in most 


5 Axial electrocardiograms, made with a very sensitive string galvanometer 
from the tortoise, show a wave preceding the auricular or P wave, due to the 
contraction of the sinus venosus (59). The fact that such differentiation of 
activity is not evident in the mammalian electrocardiogram is probably due to 
the more rapid spread of the impulse and a shorter interval comparable to the 
sino-auricular interval of the lower vertebrates. 
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cases is assumed by some region lying near the auriculo-ventricular 
boundary. The impulses originating from this region reach the auricles 
and ventricles at or near the same time, so that these chambers, instead 
of contracting in their usual sequence, beat exactly or nearly simul- 
taneously. This rhythm is known as auriculo-ventricular or nodal 
rhythm, and was first clearly described by Englemann (60). After the 
application of the first Stannius ligature (ligature between sinus venosus 
and auricle) in frogs’ hearts, he found that in certain experiments. the 
auricles and ventricles beat simultaneously or nearly so. On the as- 
sumption that the excitation spread from its origin in all directions at 
the same rate, Englemann concluded that it must arise under these 
conditions on the ventricular side of the auriculo-ventricular ring. A 
year later, Lohmann (61) observed that spontaneous beats that broke 
through vagal inhibition, both in the tortoise and rabbit heart, often 
showed a greatly reduced As-Vs interval. He concluded that the seat 
of impulse formation in these was in the “ Briickenfasern” connecting 
auricles and ventricles and stated that accordingly as the ventricular, 
middle or auricular portion of these structures became automatic, the 
intervals were negative (i.e., Vs-As), zero, or positive in value. By 
stimulating the auriculo-ventricular junction with electrical currents, he 
produced a rhythm in which the intervals were permanently shortened. 
A clinical case in which the a-c interval of the venous pulse was zero 
was reported by Mackenzie (62) in the same year, and Hering (63) in 
1905 reported shortened As-Vs intervals on accelerator and vagus 
stimulation in dogs. Lohmann (64), in a later work, secured auriculo- 
ventricular rhythm in rabbits’ hearts as a result of the application of 
formalin to the mouth of the superior vena cava. He made no refer- 
ence in this paper either to the sino-auricular or auriculo-ventricular 
nodes, but seems to have been the first to recognize clearly that the 
destruction of the influence of the normal pacemaker results in the 
removal of the function of impulse initiation to some region between 
the auricles and ventricles. He stated that this may occur either as a 
result of the suppression of the influence of the normal pacemaker, or by 
heightening the automaticity of the lower region by electrical stimula- 
tion of the auriculo-ventricular boundary. Further observations on 
the seat of impulse formation in auriculo-ventricular rhythm are sum- 
marized in the next section. 
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OBSERVATIONS ON THE IMPORTANCE OF THE SINO-AURICULAR AND 
AURICULO-VENTRICULAR NODES 


With the description of the nodes and the auricular and ventricular 
connections of the auriculo-ventricular bundle, renewed interest was 
aroused in the problem under consideration. This increased interest 
is indicated by the large number of recorded observations and the ap- 
plication of new methods or the elaboration of older methods of study. 
The methods of inspection, mechanical recording, the effect of heat 
and cold, the study of automaticity in isolated strips, isolation of parts 
in the excised heart or the heart in situ by cutting or clamping, have 
been employed in more extensive observations and with greater refine- 
ment. The most important of the new methods is that which deter- 
mines the region of initiation and the path of conduction of the 
excitation by recording the accompanying electrical current. Although 
action currents from the heart had been recorded with the capillary elec- 
trometer as early as 1879 by Burdon-Sanderson and Page (65), and 
later by Waller (66) and by Bayliss and Starling (67), it was not until 
the modification and adaptation of the string galvanometer to physio- 
logical purposes by Einthoven, that this method was applied inten- 
sively to a study of the origin and conduction of the impulse. The 
electrical method has been applied in two ways. In one the propagation 
of the wave of negative potential has been studied by the application 
of electrodes directly to the heart. In this method the onset and direc- 
‘tion of the wave determines the point of initial negativity, and the path 
of progression and the velocity can be calculated by the time required 
for the wave to pass between two or more electrodes. This method had 
been widely used previously in skeletal muscle and in nerve. In 
the other, leads from the body surface are used to record the summated 
action currents of the heart in the form of the electrocardiogram, and 
the curves then submitted to analysis. In general it may be said that 
the former has yielded more definite information, while the latter has 
been of most value in adding further evidence, and information relative 
to the path of conduction in the human heart. 

While we do not wish to minimize the importance of many of the 
results obtained by other methods of study, we believe that the most 
extensive and reliable information that we possess at present has been 
gained through the adaptation of the electrical method. We shall 
therefore devote a separate section to this subject and consider here 
only the more recent observations made by the application of other 
methods. 
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Tawara (68), following his discovery of the auriculo-ventricular node, 
suggested that it represented the primary motor center of the heart, 
and Keith and Flack (7) ascribed the same function to the sino-auricular 
node in their paper first describing this structure. Several years elapsed, 
however, before experimental observations were carried out. In 1910 
a number of papers dealing with experimental studies appeared almost 
simultaneously. The first of these to be reported were the experiments 
of Jaeger (69), who destroyed a wide region, including the sino-auricular 
node, by application of the thermo-cautery in a series of dogs and cats. — 
From the diagrams given in his paper, it is evident that the region cau- 
terized included the lower portion of the lateral surface of the superior 
vena cava, a considerable portion of the base of the right atrium and 
auricular appendage and the upper two-thirds of the intercaval region. 
Perforation and rapid death from hemorrhage occurred in all but a 
few experiments. No disturbance of rhythm occurred in any case. 
While Jaeger’s experiments were directed toward the question of the 
importance of the sino-auricular node and his conclusion was to ascribe 
no important function to it, it should be pointed out that from his results 
the same conclusion would necessarily apply, not only to the node, but 
to a wide area including the mouth of the superior vena cava, the inter- 
caval region and a considerable portion of the caval border of the right 
atrium and appendage. Flack (70), one of the discoverers of the sino- 
auricular node, reported at nearly the same time® a long series of experi- 
ments in which a study was made of the effects of the application of cold, 
of electrical stimuli, of atropin and muscarin and of clamping and liga- 
turing the node, and the influence of these procedures on the control of 
the extrinsic cardiac nerves. The experiments were carried out on the 
hearts of dogs, cats, rabbits and fowls in situ. The influence of cold 
in decreasing the rate of beat of the whole heart was confined to the 
sino-auricular node. Electrical stimulation caused inhibition or accel- 
eration, depending on the strength. The same strength of stimulation 
applied to neighboring regions had little or no effect. Little effect was 
noted on ligaturing or clamping the node. Unfortunately Flack’s 
records were made at too slow a‘speed to detect any changes in the 
rate of auriculo-ventricular conduction or the auriculo-ventricular 
sequence. His conclusion was that normally the dominating rhythm of 
the heart arises in the node. Flack (71) continued his studies in a series 
of papers published a year later, and concluded finally, that while the 


6 The first electrical studies were made almost contemporaneously, as will be 
described later. 
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sino-auricular node may possess a high degree of automaticity, there 
are other parts in which this property is well developed, and that its 
main role is that of a “cardio-regulating center’ rather than a cardio- 
motor center. Flack thought that it is through this region that the 
dominant rhythm of the heart is most readily influenced, this influence 
being exerted mainly by the intimate association of the node with the 
extrinsic cardiac nerves as evidenced by its neuromuscular structure. 
He stated that since its excision produced an insignificant physiological 
effect, it was probably of no clinical importance. A similar view had 
been expressed by Ivy Mackenzie (72) on the basis of the histological 
structure of the node. Mackenzie suggested that its function was to 
act as a receptor for sensory impulses necessary for coérdinated heart 
activity, in a way comparable to the muscle spindles of Kiihne and 
Sherrington in skeletal muscle. 

Hering (73) attempted to destroy the sino-auricular node by burning 
with a hot wire. The experiments were made on dogs’ hearts in situ. 
He found that there was little change except in the interval between 
auricular and ventricular contraction. This interval was usually re- 
duced by injury to the node. The reduction was not infrequently pre- 
deded by an initial transitory lengthening. Sometimes the auricles 
and ventricles beat simultaneously or nearly so, or the ventricular beat 
preceded the auricular beat (Vs-As sequence). He suggested that in 
this rhythm (auriculo-ventricular), the seat of impulse formation was 
in the auriculo-ventricular node, and on the basis of his previous obser- 
vations that the main delay in the passage of the impulse between au- 
ricle and ventricles occurs in the auriculo-ventricular node,’ suggested 
that the different As-Vs intervals may be accounted for by differences in 
the exact location of the seat of impulse initiation within this structure. 
If this is in the upper part of the node, an As-Vs interval approaching 


7 Shortly after the appearance of Tawara’s description of the auriculo-ven- 
tricular node; Hering (74) suggested that the greater part of the delay in the 
passage of the impulse from the auricle to the ventricle probably occurred in 
this node, and in 1910 (75) he offered experimental support for this view. The 
isolated perfused hearts of large dogs were opened and stimuli applied directly 
to the region of the auriculo-ventricular node and the time from the incidence 
of the stimulus to contraction of the ventricle recorded. If the bundle were 
cut near its origin from the node, stimulation of the ventricular end was fol- 
lowed after a very short interval by ventricular contraction, while the corre- 
sponding interval between the stimulus and auricular contraction was much 
larger when the auricular end of the cut bundle was stimulated, due to the 
fact that in the later case the impulse had to pass through the node. The differ- 
ence amounted to four or five times. 
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the normal might occur, while if in the mid-region one would expect the 
interval to approach zero, and finally if in the lower portions of the node, 
a Vs-As sequence would be the probable result. This view was merely 
an adaptation to the nodal structure of the previous suggestion of Loh- 
mann. Histological examination of these hearts was made by Koch, 
who found that while considerable damage to the sino-auricular node 
was produced, it was not entirely destroyed in any experiment. Asa 
result of these experiments, Hering inclined to the belief that the sino- 
auricular node is the normal seat of impulse formation, although he sug- 
gests that possibly it serves merely to conduct and distribute the 
impulse which actually arises in the superior vena cava. 

Magnus-Alsleben (76), as a result of experiments on isolated rabbits’ 
hearts perfused by Langendorff’s method with diluted ox blood, reported 
negative results from excision of the sino-auricular node and other 
regions of the auricles and venae cavae. The As-Vs intervals were 
unchanged, although the rate of beat was usually slowed. In one series 
of experiments, both auricles were cut away piece by piece without any 
constant or noteworthy influence on ventricular activity. The general 
conclusion drawn was that there is no single area in the veno-auricular 
region of predominant importance for impulse initiation. While ad- 
mitting that probably the normal seat of origin of the impulse may be 
at the veno-auricular junction, he concluded that when this is removed 
the seat of automaticity passes downward by steps (‘‘schrittweise’’) 
without disturbance of the beat, although the rate of contraction is 
usually somewhat slower when initiated from the lower regions. 

Cohn, Kessel and Mason (77), (78) performed an extensive series of 
experiments on the effects of removal of the sino-auricular node in dogs’ 
hearts isolated and under artificial perfusion with salt solution. A 
total of thirty experiments as carried out in which attempts were 
made to excise the sino-auricular node with as little damage as possible 
to surrounding tissue. Diagrams are given to show the region excised 
and subsequent histological examinations were made. ‘Transitory qui- 
escenee of the whole heart, varying between four seconds and three 
minutes, and usually less than thirty seconds, occurred in twenty-four 
of the thirty experiments. The period of quiescence was interpreted 
as representing the time required for the auricle or other tissue to take 
up the pacemaking function. Simple incision through or across the 
node was without effect. Unfortunately, statements of the normal 
As-Vs interval and its change as a result of excision of the node, are 
given in only a few instances, although it is stated that in fourteen 
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experiments As preceded Vs, in seven Vs preceded As, and in two the 
auricles and ventricles contracted simultaneously. It seems certain 
therefore that auriculo-ventricular rhythm occurred in a number of 
these experiments and its occurrence is excluded in none. The conclu- 
sion of these workers that no special region takes up the function of 
impulse initiation after removal of the sino-auricular node, is therefore 
not justified in the light of preceding and subsequent experimental 
data. The rate of beat following the excision of the node was _ per- 
manently reduced. Excision of neighboring tissue failed to cause sim- 
ilar results to that following excision of the node. Similar experiments 
were performed by Moorehouse (79), who found that excision of the 
sino-auricular node produced at times transitory quiescence of the 
auricles, at other times slowing without quiescence and in some 
instances no effect whatever upon auricular rate. He concluded that 
the slowing or quiescence, when it occurs, may be due to disturbance 
of the blood supply or to mechanical stimulation, and does not indicate 
any important physiological significance of the sino-auricular node. 
The As-Vs sequence and intervals were also not reported in these experi- 
ments. Removal of areas of tissue outside the node gave the same 
inconstant results. 

The influence of cold applied locally to the sino-auricular node has 
been studied in detail by Brandenburg and Hoffmann and by Ganter 
and Zahn. Brandenburg and Hoffmann (89) worked on isolated rabbits’ 
and dogs’ hearts under artificial perfusion. Cold was effective in reduc- 
ing the rate of the whole heart only when applied to the region corre- 
sponding to the sino-auricular node. When marked cooling was car- 
ried out, auricles and ventricles beat simultaneously, in which case the 
authors assumed the impulse was arising within the auriculo-ventricular 
node. The transition from sino-auricular to auriculo-ventricular 
rhythm was abrupt, and associated with a reduction of the rate to 
about ‘one-half the normal. The change to auriculo-ventricu!ar rhythm 
was referred to depression of automaticity in the sino-auricular node, 
‘as a result of the cooling, and the assumption of the function of impulse 
initiation by the region of lower automaticity. On cessation of cool- 
ing the normal rhythm recurred. Failure to obtain this result, they 
state, may be due to the heart not being in normalrhythm at the begin- 
ning of the experiment, or because of abnormal irritation of the right 
auricle from cutting or crushing, the seat of impulse formation on ces- 
sation of automatic activity of the sino-auricular node may pass to 
some region of the auricle rather than to the auriculo-ventricular node. 
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~When auriculo-ventricular rhythm was established as a result of cold 


applied to the sino-auricular node, they found that it could be abolished, 
without however a return of sino-auricular rhythm, by clamping, scrap- 
ing or otherwise submitting the neighboring auricular tissue to irrita- 
tion. The As-Vs interval returned to almost normal value. Under 
these conditions they were unable to determine any localized region 
which, by the application of cold, could be proved to be controlling 
impulse formation. Theseat of impulse initiation was apparently wide- 
spread, involving the whole of the right and possibly the left auricle. 
They were thus inclined to believe-that while under approximately 
normal conditions only the two nodes manifested automatic power, that 
other regions (right and possibly left auricle) could develop automaticity 
when exposed to abnormal influences of a nature tending to heighten 
tissue irritability. Brandenburg and Hoffmann also studied the effect 
of partial isolation of the sino-auricular node by a series of cuts along 
the auricular border. After each cut determination was made as to 
whether or not the node was still acting as the cardiac pacemaker by 
the application of cold. It was found that only a small bridge of 
connecting tissue was necessary to maintain functional integrity. The 
experiments of Ganter and Zahn (81) on the hearts of cats, rabbits, 
goats, dogs and apes in situ, agree in many details with those of Branden- 
burg and Hoffmann on isolated hearts. Ganter and Zahn found that 
the region normally susceptible to cooling corresponds to the area includ- 
ing the sino-auricular node, as determined by histological examination 
of the hearts experimented upon. As a result of cold applied to this 
region, a new type of rhythm develops, characterized by marked reduc- 
tion or disappearance of the As-Vs interval. The upper portion, or 
“head” of the node, was found the most susceptible region to relatively 
slight cold, and when the rhythm was normal, cooling the lower end 
of the node alone produced no change in rate. The transition from 
sino-auricular to frank auriculo-ventricular rhythm was found to be 
abrupt or gradual, depending upon the rapidity of cooling of the sino- 
auricular node. If the cooling were gradual, the change in As-Vs inter- 
val was not abrupt, as found by Brandenburg and Hoffmann, but 
occurred through several stages. When auriculo-ventricular rhythm was 
established, as shown by great reduction in the As-Vs interval, warming 
or cooling the region of the auriculo-ventricular node, by means of a 
specially designed thermode introduced through a hole in the auricular 
appendage and applied to the base of the inter-auricular septum, was 
effective in influencing the rate of the whole heart. While, as we have 
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seen, a number of workers had suggested that the auriculo-ventricular 
node was the seat of impulse initiation in auriculo-ventricular rhythm, 
this was the first direct experimental evidence to support this assump- 
tion.. When the pacemaker resided in the sino-auricular node, as nor- 
mally occurs, cooling the auriculo-ventricular node caused nothing more 
than disturbances in auriculo-ventricular conduction. The final con- 
clusion was that the capacity of rhythmic impulse formation is at least 
in high degree associated with the sino-auricular and auriculo-ventricu- 
lar nodes. These experiments were later repeated and extended by 
Zahn (39). Using the warming and cooling apparatus employed in the 
former work combined with an endoscope, he was able to apply heat or 
cold to different parts of the auriculo-ventricular node and neighboring 
regions in the heart in situ. A few experiments were also carried out 
on isolated hearts. -The sino-auricular node was first destroyed by the 
application of a hot glass rod or of formalin, or in isolated hearts it was 
excised. The criterion of its destruction in the heart in situ was the 
absence of the usual effects of the application of heat and cold. Zahn 
was especially concerned with determining the seat of impulse forma- 
tion in those cases where, after destruction of the sino-auricular node, 
the As-Vs interval was of approximately normal length. Brandenburg 
and Hoffmann, as noted above, believed that under these conditions the 
impulse arose in a widespread region of auricular tissue. Zahn found, 
as did these workers, that destruction of the impulse forming power of 
the sino-auricular node did not always produce a frank auriculo-ven- 
tricular rhythm, or if this was present at first, the As-Vs interval fre- 
quently gradually increased until it approached the normal. He found, 
however, that in all such cases a localized area could be determined 
which dominates the rhythm. This region is the tissue surrounding the 
mouth of the coronary vein. Histological examination of the hearts 
from these experiments was made by Koch, who found that this region 
contained abundant nodal tissue, and identified it with the coronary 
sinus portion of the auriculo-ventricular node as previously described 
by Aschoff (22). Zahn concluded that after elimination of the sino- 
auricular node some part of the auriculo-ventricular node assumes the 
function of impulse initiation, and the As-Vs interval in the rhythm 
which results depends upon the portion of the latter node that is active. 
After removal of the sino-auricular node, warming the coronary sinus 
portion of the auriculo-ventricular node produced a rhythm in which 


8 For a detailed description of the atrial node and the relation of nodal tissue 
to impulse initiation, reference may be made to Koch (16). 
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the As-Vs interval was only slightly less than normal, while warming 
the middle and lower regions produced a much shortened As-Vs interval, 
the disappearance of this interval or the occurrence of a Vs-As rhythm. 
All parts of the auriculo-ventricular node thus seem to have the power 
of automaticity without great variation in degree in different parts.® 

Further contributing evidence pointing to the sino-auricular node as 
the normal seat of impulse initiation has been furnished by Sansum. 
It was shown by Englemann (83) in 1897 that in the frog premature 
beats produced by stimuli applied to the auricles and ventricles were 
followed by a pause sufficiently longer than the usual diastolic pause to 
restore the original rhythm (compensatory pause), while if such extra 
stimuli were applied to the chamber initiating the rhythm (the sinus 
venosus), the pause following the extra beat was little if any larger than 
the usual diastolic pause. Sansum (84) attempted to apply this same 
principle to the mammalian heart, and while it was found that all auric- 
ular extrasystoles showed less than a full compensatory pause, this 
pause was shortest in extra systoles arising from stimuli applied to the 
sino-auricular node. 

The line of work which has yielded results most opposed to the view 
that the sino-auricular node is to be regarded as the most automatic 
_region of the heart and the normal seat of impulse initiation, is the 

study of relative automaticity in different regions of the heart by iso- 
lation of strips and determination of their rate of contraction when 
thys isolated. The early work of Erlanger and Blackmann (45), made 
without reference to the sino-auricular node, has already been quoted 
(page 8). These experiments were repeated and extended by Er- 
langer in 1910 (46), in a study of strips isolated from thirty-nine cats’ 
hearts. He found that strips from the intercaval region, mouth of 
superior vena cava, right atrium, inferior vena cava, coronary sinus and 
interauricular septum showed spontaneous contractions when isolated. 
Strips from the right auricular appendage (except in one instance), 
the left auricle and the pulmonary veins were inactive. In the rhythmic 
strips the rate of beat varied greatly, but was approximately the same in 


* A critical consideration of the method of the application of heat in locating 
automatic regions is given by Schlomovitz and Chase (82). These authors also 
confirm the location of the normal pacemaker in the sino-auricular node, but find 
that any of the ‘‘sinus tissue’’ of the veno-auricular regions may respond to higher 
temperatures, presumably due to an increase in its automaticity as a result of 
the application of heat. Another explanation seems possible, however, namely, 
conduction of the heat to the neighboring sino-auricular node, 
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those from the superior and inferior venae cavae and the coronary sinus 
region. Stimulation of quiescent strips from these regions would usu- 
ally start rhythmic beating, which continued after the cessation of the 
stimulus, and it was found that the most constant result in this respect 
was obtained from strips of intercaval tissue from a region parallel 
with and on the venous side of the sulcus terminalis. A repetition of 
this work with histological control was made by Moorehouse in 1912 
(79). Strips were made from the isolated dog’s heart and the rate of 
contraction and response to rhythmic stimulation determined. Strips 
containing the sino-auricular node showed no higher rate of contraction 
than those made from neighboring tissue in which no nodal tissue was 
present. In a subsequent paper Moorehouse (85) studied the influence 
of various pharmacological agents on similar strips and could find no 


difference in behavior of those containing and those not containing 
nodal tissue. 


THE ORIGIN AND CONDUCTION OF THE IMPULSE IN MAMMALIAN HEART AS 
STUDIED BY THE ELECTRICAL METHOD 


Attempts to locate the primary seat of impulse initiation in the mam- 
malian heart by galvanometric methods were made at almost the same 
time by Wybauw (86) and by Lewis, Oppenheimer and Oppenheimer 
(87).2° These determinations were based on the assumption that a 
condition of electrical negative potential is associated with activity, 
and that when the activity is propagated in the form of a wave, it is 
accompanied by this alteration in electrical condition.'' The problem 


' 10 The use of the method was apparently independently applied by Wybauw 
and Lewis. Statements in each paper indicate that each worker was aware of 
the investigations of the other. Lewis used the method in a publication (88) 
preceding Wybauw’s preliminary note, in which he found that in two instances 
after recovery of normal rhythm following experimental auricular fibrillation in 
dogs, a point on the superior vena cava was negative before a point on the 
inferior vena cava. In the paper on the electrocardiograms of auricular extra- 
systoles, Lewis (91) states that preliminary observations had been undertaken 
with this method, but hearing that Wybauw’s observations were nearing comple- 
tion, this line of investigation Was not pursued. The proof that initial nega- 
tivity is associated with the region of the sino-auricular node, was first fur- 
nished by Wybauw. In the paper of Lewis, Oppenheimer and Oppenheimer, 
reference is made to the preliminary publication of Wybauw. 

1! This association had been long established in skeletal muscle and nerve by 
Du Bois Reymond (1873) and subsequent workers, and Kélliker and Miiller (89) 
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in the heart was therefore to find the region showing initial negativity 
at the onset of the beat, the location of which should be identical with 
the region manifesting initial activity. Electrodes were placed at vari- 
ous points on the right auricle, superior and inferior venae cavae and 
intercaval region, and connected in pairs with a string galvanometer. 
The point showing initial negativity was determined by the direction 
of the initial movement of the string in the curve obtained, it having 
been determined beforehand the direction of movement when one pole 
of the galvahometer was made electro-negative to the other. Wybauw 
found in thirty out of thirty-eight determinations in the dog’s heart in 
situ, that an electrode on the sulcus terminalis, at a point corresponding 
to about the middle of the sino-auricular node, showed initial negativity 
when compared with other regions. He found that the wave of nega- 
tivity spread out rapidly from this region and reached the right atrium 
within a few hundredths of a second, indicating the absence of a sino- 
auricular interval comparable to that present in the lower vertebrates. 
Lewis, Oppenheimer and Oppenheimer determined the seat of initial 
negativity in the hearts of seven dogs in situ. Seven points along the 
sulcus terminalis, six points along the intercaval region, four points on 
the right atrium and two points on the pulmonary vein were investi- 
gated. At the completion of each experiment the hearts were examined 
histologically in regard to the position of the electrodes in relation to 
the sino-auricular node. The upper end of the sino-auricular node, 
near its widest region, was found negative to all other points in six or 
seven experiments. In one experiment a point near the mouth of the 
pulmonary vein was negative when compared with the sino-auricular 
node. These workers, therefore, placed the seat of normal impulse 
initiation in the dog in the upper part or cephalic end of the sino-auricu- 
lar node, and not in the mid-region, as had been found by Wybauw. 


showed that the heart also developed action currents during normal contractions. 
The constant association of tissue activity with an ‘‘action current’’ seems to 
have been firmly established and is a generally accepted phenomenon. Direct 
evidence of the association between these two phenomena in the sino-auricular 
region of the mammalian heart has been recently obtained by Lewis (90). The 
auricular contraction wave, as recorded by the approximation of a grid of fine 
hairs or threads attached to points on the heart surface, was compared with the 
spread of the wave of negativity. While considerable difficulty attaches to the 
interpretation of graphic curves of this type when recording movements of small 
masses of muscle attached to larger moving masses, evidence was obtained that 
the two phenomena are directly associated, the contraction wave following the 
negative variation at any point by approximately 0.02 second. 
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In a preceding publication Lewis (91) had attacked the problem in 
another way. Axial electrocardiograms from dogs were recorded and 
extra or premature contractions of the heart produced by stimuli applied 
to different regions of the auricle and venae cavae. It was found that 
the auricular complex (P wave) resembled that obtained during the 
normal beats only in extrasystoles which were induced by stimulation 
of the region of the sino-auricular node. It was concluded therefore 
at the normal impulse arises in this region. 

The relation of the region of the sino-auricular node to initial nega- 
tivity was further confirmed by Eyster and Meek (92). In thirty-eight 
experiments on dogs’ hearts in situ, some part of the sino-auricular node 
was found to precede one or more regions lying outside in all cases. 
Determinations made on the region of the node and its immediate 
neighborhood, controlled by histological examination, placed the initial 
change in that part of the node containing the greatest mass of tissue, 
usually the upper part. Initial negativity of the sino-auricular node, 
when compared with other regions, was also found when the galvanom- 
eter was made unusually sensitive (one millivolt giving a deflection of 
1050 millimeters). This observation was believed to meet an objection 
to previous experiments raised by Erlanger (93), namely, that the excita- 
tion may start from outside the node and become concentrated within 
it, becoming of sufficient strength to influence the galvanometer only 
when such concentration had occurred. The endocardial surface of 
the node was also found initially negative to epicardial points outside 
the node. Experiments were also carried out by Eyster and Meek (59), 
(92) in an attempt to determine the rate and paths of conduction from 
the sino-auricular node to other regions, particularly the right auricle 
and auriculo-ventricular node. In addition to comparisons of negativ- 
ity, the incidence of the main electrical change at various electrodes 
compared with the onset of mechanical systole of the right auricle 
recorded by suspension was used as a basis for calculating the rate of 
propagation of the electrical wave It was found that while the spread 
from the sino-auricular node to surrounding structures was of a radial 
nature and that no restricted path or paths of conduction could be made 
out, there were apparent certain differences in rate which were regarded 
as significant. The wave of negativity was found to be propagated 
throughout the sino-auricular node and to contiguous venous regions 
with considerable rapidity, reaching the mouth of the superior vena 
cava within 0.01 second, while its spread to the auricular muscle was 
somewhat slower, a sino-auricular interval averaging 0.027 second being 
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determined in fourteen experiments." This delay in passage to the 
auricle was such that in the majority of the experiments the auriculo- 
ventricular node became involved before the right atrium. It was 
concluded, therefére, that the excitation spreads by independent paths 
from the sino-auricular node to the right atrium and to the auriculo- 
ventricular node, and does not pass through the atrium to the ventricle 
as ordinarily stated. 

Lewis, Meakins and White (95) carried out a series of experiments on 
dogs’ hearts in situ, in which the spread of the wave of negativity from 
the sino-auricular node was studied by determination of the direction 
of movement of the galvanometer, and the rate estimated by compari- 
son of the incidence of the wave at given points with the summit of the 
P wave of the axial electrocardiogram. They were unable to determine 
any essential difference in the rate of propagation such as had been 
described by Eyster and Meek," and concluded that the excitation 
spread ‘in all directions from the sino-auricular node at approximately 
the same velocity. The actual average rates as determined show, how- 
ever, the lowest rate of propagation to the superior vena cava (588 mm. 
per sec.), and the most rapid propagation to the intercaval region (1232 
mm. per sec.) and to the auriculo-ventricular node (1101 mm. per sec.). 
The rate to the right auricle averaged 859 mm. per second. 

Meek and Eyster (96) proved by the method of initial negativity 
that when the sino-auricular node was rendered functionless by the 
application of formalin, by crushing, cutting or clamping around the 
node or by vagus stimulation, the seat of impulse initiation invariably 
removed to the region of the auriculo-ventricular node. \ When the 


12 Garten (94) reported a similar determination by Sulzi, working under his 
direction on six dogs’ hearts in situ. Comparing the negativity in the sino- 
auricular node with a point on the right atrium, 18 mm. distant, a difference of 
0.022 to 0.026 second was found. Pairs of electrodes, the termination of which 
were placed in contact, were applied to the two regions and each pair connected 
to a galvanometer 

18 There is little doubt that the comparison of the electrical change with other 
events in the auricular cycle in an attempt to measure velocity is subject to con- 
siderable error and can be taken as yielding only approximate results. This 
error arises mainly from two sources, the difficulty of exact location of changes 
in mechanical suspension curves or of the P wave of the electrocardiogram, and 
the fact that the relation between mechanical events, local action currents, and 
the electrocardiogram is subject to considerable variation. Measurement of 
velocity by using two galvanometers and determining the time of passage of the 


electrical change between pairs of electrodes connected to these, is far less open 
to criticism. 
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As-Vs interval approached the normal, the seat of initial negativity 
was found to be in the coronary sinus portion of the auriculo-ventric- 
ular node, while with great reduction in the As-Vs interval, it was 
located in the ventricular portion of this node. &p no case, after 
the sino-auricular node had ceased to function, was it possible to 
locate initial negativity outside the area containing the auriculo- 
ventricular node) In another series of experiments (97), these inves- 
tigators proved that the application of slight cold locally to the 
upper portion of the sino-auricular node, the normal seat of initial 
negativity, resulted in depression of automaticity in this region, and 
initial negativity now appeared in lower portions of the same node. 
This proof was furnished by the simultaneous use of two string gal- 
vanometers, one comparing the upper with the lower end of the sino- 
auricular node, the other comparing the sino-auricular and auriculo- 
ventricular nodes. As a result of cooling the upper end of the node, 
the direction of movement in the first galvanometer reversed, showing 
initial negativity in the lower part of the node. That the seat of initial 
activity had not, however, been removed from the sino-auricular to the 
auriculo-ventricular node, was proved by the fact that the direction of 
movement in the second galvanometer remained constant. This shift 
of the seat of initial activity from the upper to the lower part of the 
sino-auricular node was associated with lengthening of the cycle and 
shortening of the As-Vs interval. After the cooling was allowed to 
pass off, the original condition was resumed, indicating a return of the 
function of impulse initiation to the upper part of the node. It seemed 
probable, therefore, that all gradations of As-Vs interval from the normal 
to zero and reversal were accountable for on the basis of impulse initia- 
tion in some part of the sino-auricular or auriculo-ventricular nodes. 

In a subsequent paper Eyster and Meek (98) carried out further 
studies in reference to conduction of the impulse from the sino-auricular 
node to the right atrium and auriculo-ventricular node. Ten experi- 
ments were made on dogs’ hearts in situ, in which a series of points, as 
nearly equidistant as possible from the sino-auricular node and on the 
auricular and venous sides, were compared as to the reception of the 
excitatory process by the method of initial negativity. Asa preliminary 
measure, the fact that a normal rhythm was present was determined by 
proving that the upper portion of the node was negative before all other 
points and before the auriculo-ventricular node. These experiments 
showed that points on the venous or intercaval side of the node usually 
manifest negativity before equidistant points on the auricular side, 
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and that the excitation should be regarded therefore as spreading more 
rapidly in this direction than to the auricle. There was to be found no 
restricted region surrounding the node which invariably received the 
excitation before other regions, indicating no localized, restricted path 
of conduction. In forty-five experiments, also on dogs’ hearts in situ, 
the sino-auricular node and immediately contiguous tissue was partially 
or completely isolated by successive cuts or by clamping. In ten of 
these the occurrence of activity in the sino-auricular node, the su- 
perior vena cava, the right atrium, the coronary sinus region and the 
auriculo-ventricular node was determined by initial negativity. In 
the remaining thirty-five, the time for propagation of the excitation 
from the sino-auricular node to the right atrium and to the auriculo- 
ventricular node and from the right atrium to the auriculo-ventricular 
node, was determined by applying two electrodes, separated by several 
millimeters to each of these regions, and connecting each pair to separate 
galvanometers. The comparison of the time of occurrence of the exci- 
tation in any two regions was made from simultaneous curves of the 
two galvanometers. The data from the normal, before partial or com- 
plete isolation of the sino-auricular node, supported the view previously 
advanced, namely, that conduction to the right auricle is delayed and 
that the auriculo-ventricular node receives the excitation by a path 
separate from this chamber. The auriculo-ventricular node received 
the excitation before the right atrium in nine out of twelve experiments 
in which initial negativity was determined. In twenty-four experiments 
in which time intervals were measured, the right atrium, however, 
received the excitation first in fifteen, and the average of all placed this 
chamber 0.003 second before the auriculo-ventricular node. The aver- 
age time for passage of the excitation from the sino-auricular to the 
auriculo-ventricular node was 0.023 second in twenty-eight experi- 
ments, and the corresponding time from the sino-auricular node to the 
right atrium was 0.020 second in nineteen experiments. Isolation of the . 
node was carried out by making successive cuts or clamping the tissue 
on the four sides of the node, determinations being made after each pro- 
cedure. The following is a summary of-the more important results. A 
single cut, made along the intercaval border of the sulcus terminalis, 
produced permanent auriculo-ventricular rhythm in 25 per cent of the 
experiments and in 12.5 per cent more this rhythm was established 
temporarily. A single cut across the sulcus above the head of the node 
produced transitory auriculo-ventricular rhythm in 40 per cent, but in 
no case was it permanent. A single cut across the suicus below the 
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node produced permanent auriculo-ventricular rhythm in 10 per cent 
and transitory rhythm of the same type in 10 per cent. A single cut 
along the auricular border of the node failed to produce either transitory 
or permanent auriculo-ventricular rhythm in any of seventeen experi- 
ments. This last cut, however, increased the time of conduction from 
the sino-auricular node to the right auricle, but did not affect the cor- 
responding interval between the sino-auricular and the auriculo-ven- 
tricular nodes. The latter interval was lengthened, however, by the 
other cuts, particularly the one across the sulcus below the node. Iso- 
lation of the sino-auricular node on three sides, the right atrial connec- 
tion remaining intact, caused a marked increase in the conduction time 
between the sino-auricular and auriculo-ventricular nodes. This pro- 
cedure also produced auriculo-ventricular rhythm in 82 per cent. In- 
terruptions of the connections of the sino-auricular node on all four sides 
produced auriculo-ventricular rhythm in all cases. From these results 
it was concluded that there is no single, well-defined and localized path 
which serves to the exclusion of others for the conduction of the excita- 
tion from the sino-auricular to the auriculo-ventricular nodes; at least 
it may be said that if there is such a path, there are other paths which 
are~capable of conducting the excitation with almost equal facility. 
The experiments seem to establish, however, with equal clearness, that 
the spread of the excitation from the sino-auricular node to the right 
auricle and auriculo-ventricular node is by separate paths, and the 
former does not normally receive the impulse through the latter, but 
may do so (in approximately 27 per cent of all cases) when the normal 
path of the impulse is interrupted. The excitation, arising normally in 
the sino-auricular node, spreads directly to the right auricle, probably 
in a diffuse manner, from the auricular side of the node. It also spreads 
to the auriculo-ventricular node by paths, probably also diffuse in nature, 
connecting with the upper, intercaval and lower borders of the node. 
. In a subsequent communication, in which the same methods were 
employed, Eyster and Meek (99) furnished experimental proof of the 
occurrence of partial and complete sino-auricular and sino-ventricular 
block by independent registration of the activity of the sino-auricular 
node, auriculo-ventricular node and right auricle, by means of the action 
current developed in these regions.’ Partial block was obtained in 


14 A number of examples of supposed sino-auricular block in mammalian ex- 
periments and in clinical cases have been reported—Erlanger and Blackmann 
(45), Eyster and Meek (100), Eyster and Evans (101) and Levine (102);—but 
in all these the condition has been inferred from dropped beats in an otherwise 
regular rhythm. 
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only one of twenty-one experiments. The probable factors which 

determine the comparative rarity of this condition in the mammalian 

heart. were considered in detail. The infrequent occurrence of partial 

sino-auricular and sino-ventricular block was believed to be due to a, 

the diffuse nature of the conducting path between the sino-auricular 

and auriculo-ventricular nodes; b, the possibility in a certain percentage 

of cases, of conduction between these two nodes by way of the right 

atrium, when the normal sino-ventricular path is destroyed; and finally 

c, the close approach of the automaticity of the auriculo-ventricular 

node to that of the sino-auricular node. Complete sino-auricular and 

sino-ventricular block was regarded as a potential possibility in any 

instance of auriculo-ventricular rhythm, and its presence was proven in 

two experiments. In these the region of the sino-auricular node was 
found to be generating impulses at approximately its original rate and 
at a faster rate than the auriculo-ventricular node. The auricles and 

ventricles were following the rhythm of the latter node. It was also 
shown that the right auricle, while normally receiving its excitation 
directly from the sino-auricular node could receive the same from the 
sino-ventricular conduction path, but under these circumstances the 
period of conduction from the node to the auricle was much prolonged. 
These experiments were regarded as furnishing still further evidence 
of separate sino-auricular and sino-ventricular paths." 

Partial or complete removal of the sino-auricular node under aseptic 
precautions in dogs, with recovery and subsequent electrocardiographic 
observations, has been carried out by Eyster and Meek (104). The 
removal of a considerable portion of the node results in thetemporary 
establishment of a rhythm in which auricles and ventricles beat simul- 
taneously or nearly so. After a period, varying from several hours to 
several days, the interval lengthens, but seldom equals normal. In 
most instances subsequent examination by the method of initial nega- 
tivity has shown that the permanent rhythm established had its origin 
in the coronary sinus part of the auriculo-ventricular node. In a few 
instances, however, the pacemaker resided permanently in the portion 
of the sino-auricular node which remained intact. Complete removal 
of the node is associated with technical difficulties, but has been suc- 
cessfully accomplished in several instances and a permanent auriculo- 
ventricular rhythm observed as long as six months. At the end of the 
period of observation in each experiment, the seat of impulse initiation 


15 A clinical case, probably to be interpreted as sino-ventricular block, has 
been described by Naish (103). 
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was determined in these animals by electrodes applied directly to the 
heart. Each experiment was also subjected to histological control. 
Control experiments, in which a portion of the right atrium near the 
node was removed, showed no change in rhythm from the normal. 
These experiments are interesting, not only in indicating the paramount 
importance of the node-bearing tissue, but also that only a relatively 
small portion of it is necessary to maintain normal rhythm. As with 
most physiological mechanisms, an excess beyond that necessary to 
maintain functional activity under usual conditions is present. 


CONDUCTION IN THE VENTRICLE 


Conduction of the excitation to the ventricles in the mammalian 
heart occurs, probably exclusively, by way of the auriculo-ventricular 
bundle."© Tawara showed that the branches of the bundle do not 
terminate, as had been supposed, near the auriculo-ventricular bound- 
ary, but continue as an extensively ramifying system making connection 
with the Purkinje network in the subendocardium. The initial branches 
pass out mainly to the papillary muscles. The branch to the right ven- 
tricle passes along the right side of the interventricular septum to the 
base of the chief papillary muscle. The left division breaks into two 
chief strands which pass to the anterior and posterior papillary muscles. 
Other smaller branches pass to the septum. The larger branches are 
enclosed by endocardial sheaths which may be brought out clearly by 
injection methods (108). The Purkinje reticulum or network lines 
nearly the whole subendocardial space, and occasionally strands run 
for several millimeters into the ventricular muscle. 

In the lower vertebrates’ heart there is, however, no well-defined 
bundle restricted to a small region, but a broad muscular connection 
or “funnel” bridging all or most of the auriculo-ventricular boundary. 
In the amphibia and reptiles the connecting fibers show a certain degree 
of differentiation, however, both macroscopically and microscopically 
(21). The fibers of the auriculo-ventricular funnel all pass in a down- 


16 Kent (105) has described an additional bundle of neuro-muscular structure 
passing across the auriculo-ventricular groove. This he later described as 
beginning above in a mass of ‘‘nodal tissue’’ lying in the right lateral auricular 
wall (106). After severing all auriculo-ventricular connections except this 
bundle, auricular contractions were found by Kent to be conducted to the ven- 
tricles (107). These findings, so far as we are aware, have not been confirmed, 
and opposed to them is the result of numerous investigators that ‘severance of 
the His bundle alone results in auriculo-ventricular dissociation. 
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ward (caudal) direction. The funnel is interrupted by the valves pos- 
terioriy and the large vessels anteriorly, and the posterior (dorsal) part 
of the structure makes connection with the ventricular muscle higher 
than does the anterior portion. The elements of the funnel* contain 
fewer fibrils and more sarcoplasm than the usual cardiac muscle. Fur- 
ther reduction in the funnel occurs until in mammals it is reduced to a 
small bundle lying anteriorly. 

Gaskell (28) attempted, to determine whether any special portion of 
the auriculo-ventricular ring in the tortoise heart was of greater impor- 
tance for conduction than other parts, and found that section of the 
anterior part resulted in the greatest tendency toward dissociation. 
From similar experiments Laurens (109) concluded that the two lateral 
halves of the ring are more important, particularly the one on the left 
side, although in some cases the anterior portion alone can maintain 
conduction. Meek and Eyster (110) found that the anterior portion 
of the auriculo-ventricular ring was the first part to show the negative 
wave as the impulse passed to the ventricle. 

The course of the wave of negativity in the ventricle of the tortoise 
during its activity was studied as long ago as 1883 by Burdon-Sanderson 
and Page (111), using the capillary electrometer. These investigators 
found that contacts on base and apex yielded diphasic curves indicating 
primary negativity of the base with passage to the apex and termina- 
tion; in other words, a simple wave progressing from base to apex. 
This was confirmed by Waller (112), and Bayliss and Starling (113) came 
to the same conclusion as to the course of the wave in the mammalian 
heart. If the heart were cooled or was in otherwise bad condition, 
Bayliss and Starling found that a reversal of the normal direction of 
the electrical wave was the rule. The triphasic waves encountered in 
the mammalian heart were interpreted as indicating a maintenance of 
the condition of electrical negativity at the base after it had disappeared 
at the apex. The wave was supposed to begin at the base, as indicated 
by the upstroke on the curve, to pass to the apex and produce a down- 
_ Stroke on the curve, while the persistence of the condition of negativity 
of the base after its disappearance at the apex caused a final upstroke. 
Gotch (114) obtained similar triphasic curves from the tortoise and rab- 
bit, but interpreted them as meaning a final return of the wave to the 
base. He believed that the negative wave appeared first at the auricu- 
lar base, passed to the apex and returned to the aortic base, a course 
comparable to the direction in the primitive cardiac tube. Meek and 
Eyster (110) recorded the wave of negativity over the surface of the 
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tortoise ventricle by numerous contacts on the anterior, dorsal. and 
lateral surfaces, and found the wave to spread around the auriculo- 
ventricular ring from the anterior part, thence to involve the whole 
base of the ventricle and finally to pass to the apex. No evidence of 
final base negativity was found. The third variation of the triphasic 
curve in base apex leads, comparable to the T wave of axial electrocar- 
diograms, and interpreted by Gotch as indicative of terminal negativity 
at the base, was shown to be obtained from cardiac tissue in general 
without reference to the base of the ventricles. Clement (115) inves- 
tigated the occurrence of the wave of negativity at points on the ventri- 
cular surface of the frog and tortoise, by comparing the incidence of 
the arrival of the wave at pairs of electrodes, the terminations of which 
were in contact.'? He found the action current toappear on the surface 
almost simultaneously throughout, although the base and apex usu- 
ally preceded the mid-region by a few thousandths of a second. Extra- 
systoles produced by artificial stimulation were conducted very much 
more slowly in the form of a wave spreading out from the point of 
stimulation. Erfmann (116), using the same method, compared the 
apex, middle, and right and left bases of the ventricles in dogs’ and cats’ 
hearts in situ. The base was found to receive the excitation a few 
thousandths of a second before the apex. The whole surface was re- 
garded as receiving the impulse almost simultaneously. In the mam- 
malian heart also an extra contraction produced by artificial stimula- . 
tion was conducted with comparative slowness. Erfmann noted that 
the ventricular complex of the axial electrocardiogram began before 
(an average of about 0.035 second) the occurrence of the excitation 
wave on the ventricular surface, indicating that some internal portion 
received the excitation first. Using the same method on isolated arti- 
ficially perfused dogs’ hearts, Schneider (117) found the apex negative 
before the base, the reverse of that described by Erfmann in hearts in 
situ. The papillary muscles received the wave of negativity before the 


17 The two electrodes in each pair were connected by a thread of woolen yarn 
and the middle of this applied to the heart surface. A small part of the elec- 
trical change in the heart was conducted to the galvanometer, but sufficient to 
cause a deflection. By the use of electrodes of this type (‘‘differential electrodes’’) 
it is thought that action currents arising from the activity of distant regions and 
conducted to the electrodes by the heart acting as an indifferent conductor are 
avoided, and that only changes are recorded due to tissue activity immediately 
beneath the electrodes. The difficulty with the use of this method arises from 
the necessity of working with a very loose galvanometer string in order to record 
the minute currents obtained. 
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‘apex (an averge of 0.012 second)!* while the area showing initial nega- 
tivity was found to be the interventricular septum, which preceded the 
earliest external surface contact by an average of 0.03 second.!® 

Lewis has reported a series of experiments on the hearts of toads, 
tortoises, birds and dogs, all in situ, in which the appearance and course 
of the wave of negativity was determined by the direction of movement 
of the galvanometer thread and by comparing the incidence in direct 
leads from various points with the R complex of the axial electro- 
cardiogram.”” Interior as well as surface points were compared. In the 
toad (125) the mid-region of the ventricle was the first part of the outer 
surface to show negativity, but this was preceded by the internal surface 
near the auriculo-ventricular ring. The latter coincided in time with 
the onset of the R complex, indicating further that it was the first part 
of the ventricle to receive the excitation wave. The apex preceded the 
base in three hearts, while the reverse was true in two. Surface read- 
ings differed by 0.015 to 0.035 second, indicating a much slower propa- 
gation than found by Clement. The truncus arteriosus was the last 
part to show indications of activity. It was concluded that the excita- 
tion spread from the internal surface of the auriculo-ventricular ring 
outward to the ventricular surface through the walls of the ventricle. 
In the tortoise (126) similar conditions were found, except that both . 


18 Since the papillary muscles, in reference to the anatomical distribution of 
the auriculo-ventricular bundle, should be one of the earliest parts of the ven- 
tricles to receive the impulse, several investigators have attempted to-record 
their contraction by mechanical suspension in isolated hearts under artificial 
perfusion. With the difficulties attending the recording of the contraction of a 
small mass of tissue attached to a larger moving mass and the doubtful inter- 
pretation of records thus obtained, it is not surprising that the conclusions 
should have been divergent. Roy and Adami (118) and Fenwick and Oberand 
(119) found the contraction of the papillary muscle follows contraction of the 
ventricles as a whole. The former worked with dogs, the latter with isolated 
rabbits’ hearts. Hering (110) found the reverse to be true and Haycraft and 
Peterson (121) regarded the two as practically simultaneous. Finally, Salaman 
(122) found that the anterior papillary muscle contracted after the base but 
before the apex of the ventricle. 

19 De Meyer in 1907 (123) found the outer surface of the ventricle negative 
before the interior surface in excised frogs’ and turtles’ hearts, while Straub 
(124) found in artificially perfused tortoise hearts that the general interior sur- 
face (the perfusion solution forming a single electrode) was negative before the 
outside apical surface. 

20 Probable sources of error in such determinations have already been men- 
tioned (page 23). Measurements with two pairs of electrodes in the heart 
surface are probably less subject to error. 
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the internal and external surfaces of the base were negative before the 
apex. In the bird Lewis (127) found that the whole process of spread 
through the ventricle occurred within 0.02 second, and from surface 
readings as well as electrocardiographic analysis (see page 33), con- 
cluded that the excitation spread downward through the interventricu- 
lar septum to the apices and thence to the ventricular bases. More 
recent observations on the bird’s heart by Mangold (38) in which sur- 
face comparisons of negativity were made, indicate that the excitation, 
at least on the outer surface, reaches the apex of the right ventricle and 
the base of the left ventricle first, and courses in opposite directions in 
the two ventricles. In the dog the first region on the outer surface of 
the ventricles to show evidence of reception of the excitation was found 
by Lewis and Rothschild (128) to be the ventral surface of the right 
ventricle near the mid-region of the septum. The wave passes from here 
to the right over the ventricle and to the base and apex. The left 
ventricle shows indication of surface activity first at the apex. Nega- 
tivity appears almost simultaneously over a number of points quite 
widely separated, indicating that it is not conducted in the form of a 
wave through the superficial heart muscle but is distributed to the muscle 
through the conductive system (ramifications of auriculo-ventricular 
bundle and Purkinje network). Further support for this conclusion was 
obtained on section of the right branch of the auriculo-ventricular 
bundle, which resulted in no change in the time of arrival of the excita- 
tion over the left ventricle, while the contacts on the right ventricle 
showed a delay amounting to double or more the normal. Comparison 
of corresponding points on the interior or endocardial lining with the 
outer epicardial surface showed the former always to precede. The 
difference in time between these depended on the thickness of the mus- 
cular wall. The region of the ventricle showing first evidence of activ- 
ity was found to be an area of the endocardium supplied by the initial 
branches of the left bundle (septum beneath aortic valve).2! The main 


21 Lewis and Rothschild studied the time of arrival of the negative wave at a 
number of areas on the endocardial surface. With a few exceptions these read- 
ings showed differences of only a few thousandths of a second, probably within 
errors of measurement. These small differences preclude a satisfactory conclu- 
sion as to the direction of the spread of the wave on the endocardial surface, 
but do indicate that this spread is very rapid. The larger differences of read- 
ing on the epicardial surface are satisfactorily accounted for by the assumption, 
which these authors made, that the excitation spreads out from the Purkinje 
system through the usual ventricular musculature, and since the velocity is less 
in this, difference in thickness of the muscle mass would make considerable dif- 
ference in the arrival of the wave at different points on the epicardial surface. 
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conclusion from this work was that the excitation wave is distributed 
throughout the endocardial surface by the branches of the bundle and 
the Purkinje network and passes from the terminations of this system 
to the musculature of the ventricles. The estimated velocity of the 
excitation wave in the special conductive system was from 3000 to 5000 
mm. per second, a velocity approximately ten times as fast as that in 
the ordinary ventricular muscle.” 


DEDUCTIONS AS TO THE COURSE OF THE EXCITATION WAVE IN THE 
VENTRICLE FROM ANALYSIS OF THE ELECTROCARDIOGRAM 

Electrocardiograms, obtained by leading from electrodes applied to 
the surface of the body, are to be regarded as formed by a summation 
of the various action currents developed in the heart during the pas- 
sage of the excitation from its point of origin to its final termination in 
the ventricles and the muscular contractions which follow in its wake. 
Einthoven in 1912 (130) called attention to the fact that if simultaneous 
points on the three standard electrocardiographic leads are known, and 
the direction and magnitude of the electrical change recorded by each 
are determined, it is possible to find the direction of the potential dif- 
ference in the heart by using the method of the equilateral triangle.” 
This method was submitted to analysis by Einthoven, Fahr and De- 
Waart (131) and was applied to a determination of the direction of the 
electromotive force during different phases of the ventricular cycle by 
Fahr and Weber (132). The curves from the three leads give the 


22 Hering (75) attempted to measure the velocity of conduction in the auriculo- 
ventricular bundle and its branches b¥ comparing the incidence between the 
stimulus and ventricular contraction when the ventricular end of the severed 
bundle was stimulated and when the ventricle was stimulated directly. No 
difference could be found. Erlanger (129) measured the velocity of conduction 
in the false tendons connecting the branches of the bundle and the papillary 
muscles, which histological examination showed are made up entirely of Pur- 
kinje tissue. The experiments were carried out on calves’ hearts under artificial 
perfusion, and the rate of conduction was estimated by the difference in the 
incidence of ventricular response to two stimuli at different points on the tendon. 
The average figure obtained was 730 mm. per second, regarded by the author 
as probably lower than the true velocity, because measurement of the distance 
between the points stimulated was made on the flaccid tendon. 

23 The three standard electrocardiograph leads (lead I, two arms, lead II, 
right arm, left leg, lead III, left arm, left leg) form a sufficiently accurate equi- 
lateral triangle, since the potential difference between the two legs is so small 
that it can be neglected. 
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potential differences of the three corners of an equilateral triangle lying 
in the frontal plane of the body at every instant in the cardiac cycle, 
near the center of which lies the source of these potential differences, 
the heart. The direction of the potential differences within the triangle 
can be determined by plotting the value of the potential difference 
between corners (as determined by leads I and II, or II and III) at 
synchronous points along two sides, dropping perpendiculars from these 
and connecting the point of intersection with the vertex of the angle 
formed at the corresponding corner of the triangle. This line is then 
transferred to the center of the triangle. Its direction has the direction 
of the potential difference in the heart (electrical axis)* as manifested 
on the body surface at this moment, and its length expresses the so- 
called ‘‘manifest value’ of the potential. By similar plotting from 
instant to instant throughout the ventricular cycle, there is obtained a 
curve expressing the change in direction of the resultant potential dif- 
ference and its magnitude throughout the progress of the cycle.2* While 
such an analysis gives nothing more than the direction and magnitude 
of the resultant vector of potential differences in the heart, if considered 
in the light of our knowledge of the architecture of the conductive sys- 
tem, certain inferences may be drawn as to the path of the excitation 
in the ventricle. 

Fahr and Weber (132) and Fahr (133) found that the initial resultant 
negativity, in most human hearts, corresponding to the Q wave in the 
electrocardiogram, is placed to the right of the center of the triangle and 
progresses in a clockwise direction through an angle of approximately 
220° to the termination of the S wave of the electrocardiogram. Ina 
smaller number, in which a Q wave occurs in leads I and IJ, initial result- 
ant negativity points toward the left. There then follows a period in 
which the vectors are zero (space between S and T waves of electro- 


24 Currents flowing in other planes than the frontal are projected in this 
plane and their components corresponding to this plane form a part of the 
total value obtained. The three leads of electrocardiography lie in the frontal 
plane, so there is obtained only potential differences in this plane or projection 
upon this plane of potential differences lying in other planes of space. 

2° The manifest value is a magnitude formed by the geometrical summation 
in the frontal plane of the body of all the action currents present in the heart 
at that moment. 

26 Fahr and Weber found from experiments made on the cadaver, in which 
potential differences were induced in the heart by the direct application of a 
current from a storage battery, that the direction of potential difference, as 
indicated by the vector, was accurate within + 10 degrees. 
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cardiogram), expressing the condition of negativity of the whole mass 
of muscle. -The more important points in reference to the course of the 
excitation wave, as inferred from the above results, are as follows. Ini- 
tial resultant negativity is in most cases on the right side, due probably 
to the short distance of the right bundle branch to the subendocardium 
of the right ventricle. Its first distribution in the right side is nearer 
apex than base. Within a short interval the negative wave has spread 
to the base of the right ventricle and to the left ventricle, and the 
vector then moves to the left of the midline, indicating preponderance 
of negativity in the left ventricular base. The spread to the left base 
is through two paths (two divisions of left bundle branch), which results 
in the excitation reaching a large mass of muscle at this time. Later 
the vector rotates toward the left apex with the involvement of this 
region, and the manifest value becomes very small, indicating that 
nearly the whole of the ventricular musculature has become involved. 

Lewis (134) has analyzed the spread of the excitation separately in 
each ventricle of the dog’s heart by the method of the equilateral tri- 
angle. In a previous paper Lewis and Rothschild (128) had shown that 
when one branch of the auriculo-ventricular bundle was cut, there was 
a delay of several hundredths of a second in the spread of the excitation 
to the corresponding ventricle, a time nearly or quite sufficient for the 
completion of the Q RS group of the electrocardiogram.2” This delay 
is due to the fact that the normal path of the excitation to the ventricle 
is eliminated and the excitation spreads from that ventricle still retain- 
ing connection with the bundle across the interventricular groove. By 
cutting the branches to one or the other ventricle it was thus possibie 
to obtain electrocardiograms signalling the course of the excitation 


27 Eppinger and Rothberger (135) and Rothberger and Winterberg (136) had 
previously sectioned the branches of the bundle in dogs and studied the changes 
in the axial electrocardiograms. They found that section of either branch 
resulted in a profound change in the curve, which assumed the unusual form 
characteristic of extrasystoles of the affected ventricle. They regarded the 
atypical electrocardiogram as due to the abnormal conduction to the ventricle 
separated from the bundle, the impulse spreading to it from the other ventricle 
and thus entering it and being conducted through it in an abnormal manner. 
Eppinger and Stoerk (137) published similar curves from five clinical cases 
supposedly due to right bundle branch defect, this conclusion being supported 
in two by examination at autopsy. Subsequent clinical examples were furnished 
by Lewis (138), by Mathewson (139), by Carter (140) and by Wilson and Her- 
mann (141). Cohn and Lewis (142) reported that in four of the cases described 


by Carter, the pathological findings failed to support the diagnosis of bundle 
branch block. 





a eee 





36 J. A. E. EYSTER AND WALTER J. MEEK 


through one ventricle alone, namely, the one retaining connection with 
the bundle, for a period comprising most or all that required for the 
spread of the excitation (period of QRS group). Lewis designated 
the electrocardiograms obtained as levograms and dextrograms. Anal- 
ysis of the dextrogram showed the vectors to take a clockwise path with 
initial resultant negativity at the base and terminal at the apex. The 
levogram showed on the other hand an anti-clockwise movement with 
initial resultant negativity near the mid-region and termination at the 
apex. These directions correspond with the inference of a spread 
through the initial branches of the bundle to the interventricular septum, 
the apices and around through the subendocardial Purkinje network on 
each side to the ventricular bases.** From each point in the Purkinje 
network during this spread the excitation is regarded as passing out 
through the ventricular muscle to reach the epicardial surface. By a 
combination of the levogram and dextrogram from the same heart, 
Lewis further found that a curve characteristic of the normal electro- 
cardiogram was obtained, and that therefore if any two of these curves 
were at hand the third could be determined. He concluded that the 
electrocardiogram (Q RS group) is a “bigram’”’ or summation curve of 
the action currents in the conduction system of the two ventricles (levo- 
gram and dextrogram).?® 

In a subsequent communication Lewis (145) analyzed the spread of 
the excitation by the method of the equilateral triangle in two human 
cases, one of supposed left, the other of supposed right bundle branch 
lesion. The former (dextrogram) showed a clockwise rotation of the 
vectors, in a general way similar to that obtained on section of the left 
bundle branch in dogs. The latter (levogram), showed an anti-clock- 
wise movement, again resembling fairly closely the corresponding curve 


28 It should be pointed out that the method of the equilateral triangle has not 
been proven to be valid for the dog and the shape of the body makes it probable 
that it would not hold true. 

29 Selenin (143) had previously put forward a similar view from the results 
of the action of digitalis on the dog’s electrocardiogram, and a study of the 
atypical curves obtained by extrasystoles occurring in the right and left ven- 
tricles respectively. He found that a combination of the atypical electrocar- 
diogram from right and left ventricular extrasystoles gave an approximately 
normal electrocardiogram. According to Eiger (144), the electrocardiogram of 
each ventricle separately is a composite of two curves arising from the upward 
and downward passage of the excitation wave from the termination of the bundle 
branches, and the electrocardiogram of the whole heart is formed by a summa- 
tion of these. 
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in dogs after section of the right bundle branch. Lewis also presented 
the data obtained from a large Rhesus monkey after experimental sec- 
tion of the right bundle branch with subsequent histological control. 


The vectors show an anti-clockwise rotation resembling the supposed 
levogram of the clinical cases. 


DISCUSSION 


Attempt has been made in this review to present the experimental . 
facts as obtained by various investigators impartially so far as concerns 
any “‘theory”’ of the origin and conduction of the heart beat. A consid- 
eration of the experimental evidence we believe, however, lends strong 
support to the view that the property of impulse initiation and conduc- 
tion is normally a function of the nodal tissues and the connecting ana- 
tomically differentiated structures. Initial activity, so far as we are able 
to determine it, is normally associated in both the lower vertebrate and 
mammalian heart with the sino-auricular node. Abolition of the func- 
tion of this region results in the assumption of the “ primum movens” by 
that part of the heart containing a similar mass of tissue (auriculo-ventric- 
ular node), separated a considerable distance from the normal seat of 
initial activity. “Furthermore, most workers have found that the occur- 
rence of all impulses arising within the heart under various abnormal or 
unusual circumstances (so-called ectopic beats), may be referred to one of 
the nodes or to some part of the auriculo-ventricular bundle. The only 
apparent exception to this is auricular fibrillation, in which the experi- 
mental evidence indicates that the impulses may be initiated in various 
portions of the auricular musculture. The type of contraction in this 
rhythm departs widely, however, from the contraction in other rhythms, 
in the absence of codrdination between the individual muscle fibers. 
If this point of view is adopted, the myogenic-neurogenic controversy 
becomes a question to be decided by the histologist and the neurologist, 
and is a matter of the fundamental nature of the ‘neuro-muscular”’ 
tissues composing these structures. Recognition of this fact is per- 
haps no better expressed than by the great reduction of contributions 
to the literature, during the past ten years, concerning this prolonged 
and formerly active physiological controversy. . According to this view, 
the tissues comprising the two nodes and the bundle with its ventricular 
connections, are to be regarded as that part of the heart which serves 
the function of initiating the excitation (property of automaticity or 
response to the “inner stimulus’’) and distributing it in a codrdinated 
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manner to the musculature of the auricles and ventricles, the main 
function of which is contraction.*® 

The only line of modern experimental evidence uniformly opposed to 
the view of the sino-auricular node as the normal seat of impulse initia- 
tion, is that obtained from a study of the automaticity of isolated 
strips from the veno-auricular regions of the heart. These experiments, 
which have been quoted in preceding pages, have been carried out by 
Erlanger* and his co-workers. It would seem that a reasonable objec- 
tion to the interpretation of these experiments in opposition to the view 
that nodal tissue is of paramount importance for automaticity, is to be 
found in the injury to which the heart tissue is subjected and the very 
abnormal conditions under which it is studied. The mechanical abuse 
associated with preparation of the strips, interruption of the vascular 
supply and exposure to artificial perfusion solutions, may very readily 
alter normal reactions and lead to the development of abnormal activity. 
There would seem to be no question that areas of the caval and right 
auricular regions outside of the sino-auricular node can develop auto- 
matic power as indicated by rhythmic beating. Skeletal muscle, too, 
may show evidences of rhythmicity under abnormal environmental 
conditions—(Loeb (1884), Dynamics of living matter, 1906, p. 82)— 
yet there is no evidence that this ever occurs in the living intact animal. 
As we have seen, most of the experimental evidence, it is true of a 
negative character by necessity of the case, indicates that/only regions 
containing nodal tissue show automatic power in the intact heart under 
approximately normal conditions,“ We cannot but feel that the results 
from observations of cardiac strips might be held of considerable value 
if corroborating other experimental evidence, but are of little signifi- 
cance when such other evidence is uniformly in opposition. 


30 It is possible that differentiation of the properties of automaticity, con- 
ductivity and contractility in the mammalian heart has reached the point where 
certain strucures have entirely lost one property at the expense of the develop- 
ment of others to a pronounced degree. Eyster and Meek (33) found in dying 
hearts that the sulcus terminalis showed no visible contractions, while examina- 
tion by the initial negativity method showed that the visible contractions in 
neighboring regions of the auricle and vena cava were resulting from excitations 
from this apparently quiescent region. Erlanger (129) was unable to find any 
evidence of contraction in false tendons composed of branches of the bundle, 
although the rate of conduction is faster in these than in ventricular muscle. 

31 An excellent presentation of the view which regards various portions of the 
veno-auricular region as normally possessing automatic power and against the ~ 
recognition of the sino-auricular node as of paramount importance has been 
given by Erlanger (93). 
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Granted that the impulse arises normally within or in the immedi- 
ate neighborhood of the sino-auricular node, the major point of issue 
is perhaps the question as to its manner of conduction to the auriculo- 
ventricular node. In regard to this it may be said'that most anatomical — 
work has failed to reveal a connection between the two nodes composed 
of tissue resembling the nodes or the auriculo-ventricular bundle, and it 
would seem probable that conduction between the two occurs by the 
usual cardiac tissue;/however, the possibility of the satisfactory con- 
firmation of those workers who have found an anatomically differen- 
tiated connection is not to be excluded. From the experimental stand- 
point,’all observations seem to agree that conduction is rather diffuse, 
or at least not limited to a narrow path such as exists between the 
auriculo-ventricular node and the ventricles. According to one view, 
this path is very diffuse, and occurs through the right atrium, while 
according to another view the excitation passes to the atrium and auric- 
ulo-ventricular nodes separately, although passage through the atrium 
may occur when the spread in the norma! direction is prevented. This 
latter view assumes two or more possible paths of unequal resistance, 
the excitation normally taking the path of least resistance. 

‘In the frog and tortoise the excitation spreads to the ventricle by 
way of the fibers passing downward from the auriculo-ventricular ring, 
the so-called funnel. The conduction path is broad and. the excitation 
presumably passes down all the fibers of the funnel, although there is 
evidence that not all the funnel is necessary for conduction: and per- 
haps certain parts are more important in this connection than others. 
The excitation passes to the ventricular muscle and most workers agree - 
that it proceeds as a simple wave to the apex, where it terminates. ° 
. Delay in the spread of the excitation from the supra-ventricular re- 
gions to the ventricles in the mammalian heart apparently occurs, in 
larger part, in the auriculo-ventricular node. Having passed the node, 
the excitation is distributed through the auriculo-ventricular’ bundle, 
and probably reaches the ventricular museulature through the exten- 
sive subendocardial Purkinje network. The spread through this sys- 
tem is rapid, so rapid indeed that it is difficult or impossible to deter- 
mine very definitely the direction taken by the excitation. Due to 
the extensive branching of the auriculo-ventricular conducting system 
the excitation probably spreads in various directions, and no longer 
proceeds as a single wave along a circumscribed path. Determinations 
of the incidence of negativity on the endocardial surfaces have given 
differences of only a few thousandths of a second. According to some 
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investigators this is also true of the epicardial surface. Others find, 
however, that while many epicardial surface points receive the excita- 
tion at approximately the same time, there are other regions which do 
not become excited until a few hundredths of a second later. This 
slower conduction to the latter regions may be due to a longer conduct- 
ing path or to a slow rate of propagation through the ordinary muscu- 
lature after the excitation leaves the Purkinje system, thus reaching the 
outer surface over regions where the ventricular muscle is thin before 
it reaches the surface areas overlying thicker masses of muscle. All 
recent workers seem to agree that in the mammalian ventricle the exci- 
tation cannot be regarded as a simple wave propagated in a single path, 
but it is to be regarded as coursing in various directions through the 
complex ramifications of the conduction system. 
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The literature of anaphylaxis and related topics, and the number of 
unsettled problems, are both too vast to permit of an exhaustive review 
within the scope contemplated by these PuysioLocicaL Reviews, 
even if there were not already numerous excellent and adequate com- 
pilations of this sort in available literature (1). In order to avoid 
covering again too much of the ground already thoroughly surveyed 
by others, this review will limit itself to discussing what seem to be the 
most essential problems in the light of the more recent contributions. 


DEFINITION AND LIMITATION OF THE TERM ‘‘ ANAPHYLAXIS” 


Much unnecessary work and many misleading statements would 
have been avoided in the past if more attention had been given to 
these essential points. Not all sudden attacks of dyspnea and con- 
vulsions in injected guinea pigs, or of cardiac syncope or cutaneous 
irritation: in man, are manifestations of anaphylaxis, or are even related 

to this condition beyond in a greater or less similarity of these par- 
- ticular symptoms. Even distention of the lungs in guinea pigs, cir- 
culatory disturbances in rabbits, or splanchnic congestion in dogs, 
following intravascular injections of foreign materials, are not neces- 
sarily proof of a true anaphylactic reaction, for each and all may be 
produced by materials or under conditions that surely do not involve 
the same processes that are responsible for the reaction which occurs 
when a small quantity of an otherwise harmless protein is injected into 
an animal that has been previously prepared at a sufficiently great 
interval of time, by injection of the same protein. We must grant 
that this last is true anaphylaxis, and must demand that the term 
anaphylaxis be limited to conditions that result from a similar mechan- 
ism within the bedy of the reacting animal. At least the following 
criteria must be met: 
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1. The observed toxicity of the injected material must depend upon 
the sensitization of the animal; i.e., the substance must not produce 
similar symptoms in non-sensitized animals. 

2. The symptoms produced must be those characteristic of anaphy- 
lactic intoxication as observed in the usual reactions with typical 
soluble proteins, being therefore the same for all antigens with the same 
test animal, but differing characteristically with each species of animal. 

3. It should be possible to demonstrate passive sensitization with 
the serum of sensitized animals. 

4. It should be possible to demonstrate typical reactions in the 
virgin guinea pig uterus strip. 

5. It should be possible to demonstrate amelioration or prevention 
of the bronchial spasm in guinea pigs by proper use of atropin and 
epinephrin. 

6. The possibility that the observed symptoms are caused by capil- 
lary thrombosis or embolism must be excluded. 

7. After recovery from anaphylactic shock there should be exhibited 
a condition of desensitization under proper conditions. 

We know that the foregoing conditions are fulfilled in the typical 
anaphylactic reaction with soluble protein antigens. Reactions pro- 
duced by substances not coming within this class cannot properly be 
considered as true anaphylactic reactions unless they can be demon- 
strated to exhibit the same phenomena. The term allergy is broad 
enough to cover all those manifestations of altered reactivity and to 
indicate their relationship to one particular form of allergy, anaphylaxis. 

An important series of papers by Karsner and Hanzlik (2) demon- 
strates the common sources of error in much of the published work on 
anaphylaxis, and especially on the supposed formation of anaphyla- 
toxin in vitro by other than aritigen-antibody reactions. It will be 
recalled that Friedberger, Bordet, Novy and DeKruif, and others, 
have observed symptoms considered to be characteristic of anaphylaxis 
following intravenous injection into animals of serum that has been 
acted upon by colloids, such as agar and inulin, or suspensions, such as 
kaolin or starch, or after injection of these same colloids or suspensions. 
Likewise, anaphylactic shock is said to have followed intravenous 
injections of acacia, arsphenamine and many other substances used in 
human therapeutics. In most of the animal experimentation the proof 
of the anaphylactic character of the reaction has rested not only on 
symptomatology but also on the presence of apparently typical bron- 
chial spasm with persistent pulmonary distention in guinea pigs, or 
fall in blood pressure with splanchnic congestion in dogs. 
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Karsner and Hanzlik show that agar and numerous other substances 
produce “anaphylactoid’” symptoms after intravenous injection, by 
virtue of their causing occlusion of the pulmonary capillaries by throm- 
bosis or by agglutinated corpuscles or platelets. With such capillary 
obstruction, which is demonstrated both by finding the emboli and by 
the stoppage of perfusion fluids injected into the pulmonary vessels, 
there may occur a marked bronchial constriction which causes asphyxia 
and permanent distention of the lungs. This bronchial constriction, 
which has commonly been interpreted as proof of a true anaphylactic 
shock, differs from that of true anaphylaxis in not depending on a con- 
traction of the bronchial musculature, which they contend is shown by 
the failure of epinephrin and atropin to influence the respiratory 
effects of agar in the same way that they control anaphylactic bronchial 
spasm. “On the basis of the results obtained with atropin and epi- 
nephrin, the mechanism of the action of agar and similar agents bears 
no relationship to true anaphylaxis or anaphylactic shock.’”’ How the 
“passive broncho-constriction”’ of agar intoxication is produced is not 
altogether satisfactorily explained. 


The agar forms thrombi which block the small pulmonary vessels, surrounding 
the bronchioles, which in turn are compressed by the vis a tergo of the pulmonary 
flow from the right heart of the intact animal, and of the perfusion fluid in sur- 
viving lungs. In the perfused Tung the flow of perfusion fluid stops. The com- 
pressed bronchioles are sufficiently narrowed in caliber to prevent the escape of 
the air forced in by the violent efforts of inspiratory dyspnoea of the intact 
animal and the artificial respiration of the perfused lungs. In other words there 
is a passive broncho-constriction (really a compression of the bronchi), and as 
a result permanent inflation of the lung. . . . . It is conceivable that addi- 
tional broncho-constriction is superimposed as a result of central asphyxial stim- 
ulation of the vagus (parasympathetic) on the passive constriction primarily 
brought about. 


The capacity of agar to produce agglutination of red corpuscles is 
very marked. Concentrations as low as 0.001 per cent cause aggluti- 
nation in vitro, while the corresponding figures for other colloids 
(e.g., acacia, 1.0; althea, 0.08; collargol, 0.005; gelatin, 0.05; nuclein, 
0.5; beef serum, 0.005 per cent) indicate their capacity to cause ana- 
phylactoid symptoms when injected intravenously. Therefore it is 
not surprising that on intravenous injection ‘“‘the quantity of agar 
necessary to produce profound effects and even death, is remarkably 
small, namely, about 0.014 to 0.05 mgm. per gram of body weight, or 
about 0.014 to 0.025 per cent concentretion of agar in the blood.” 
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Perhaps it should be added that “‘no emboli, thrombi or conglutinated 
corpuscles were demonstrable in perfused or intact lungs of anaphy- 
lactic shock, after peptone, certain serums and histamine. All of 
these agents were also active smooth muscle stimulants in other regions 
besides bronchi, namely uterus and intestine.” 

With the above facts established it must be recognized that much of 
the work published and interpreted as anaphylaxis deals rather with 
anaphylactoid phenomena. In working with vegetable proteins, the 
danger of confusion of capillary embolism is particularly marked, since 
many: plant products are powerfully hemagglutinative, especially 
extracts from the leguminous seeds, while many vegetable proteins are 
thrown out of solution by serum,' I have, therefore, usually selected 
the intraperitoneal route with the view of avoiding these sources of 
error. Karsner and Hanzlik have not investigated the amount of 
obstruction to pulmonary capillaries that may follow intraperitoneal 
injection of foreign colloids. Presumably it is much less, and perhaps 
entirely absent, but they do mention some slight pulmonary symptoms 
following subcutaneous injections of thromboplastic agents. Certainly 
in anaphylactic investigations, especially when tle intravenous injec- 
tion is used, the burden of proof of the nature of observed reactions lies 
heavily upon the investigator. 


NATURE OF THE ANTIGENS (ANAPHYLACTOGENS) 


It now seems to be generally accepted that true anaphylaxis repre- 
sents an antigen-antibody reaction, but as yet there is not such com- 
plete agreement as to what the antibody is or as to what substances 
may behave as antigens in this particular reaction, i.e., anaphylac- 
togens. There is no doubt that any soluble protein which can act as 
an antigen in other immunological reactions can act as an anaphylac- 
togen, and the only soluble proteins as yet found not to be antigenic 
are those which are, from the chemical sense, incomplete proteins. 
As might be expected, such proteins as have a very small variety of 
amino acids are the chief examples of the non-antigenic proteins, 
notably the protamines and histones (3); also the commonly-occurring 
complexes of these with non-protein radicals, notably, the nucleopro- 
teins (4) or hemoglobins (5). However, so complex and soluble a 


1 Undoubtedly the results obtained with the juice of Cotyledon scheideckeri by 
Kritchewsky (94) are merely anaphylactoid phenomena from a hemagglutinative 
and precipitating plant extract. 
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protein as gelatin seems to have absolutely no antigenic power, whether 
tested by anaphylaxis or by more sensitive methods, as shown conclu- 
sively by the careful work of Strain (6). As the chief known difference 
between gelatin and the proteins that do exhibit antigenic properties 
lies in an almost complete absence of tryptophane and tyrosine and a 
very low phenylalanine content, it would seem probable that it is this 
deficiency in aromatic amino acids that is responsible for the lack of 
antigenic capacity. Furthermore, there do exist proteins which lack 
one or more amino acids which are commonly present in typical pro- 
teins, yet which are strongly antigenic (e.g., zein from corn, which 
lacks glycine and tryptophane; gliadin of wheat and rye, or hordein of 
barley, which contain no glycine or lysine and very little arginine or 
histidine) (7). The fact that these three last proteins, which are so 
extremely poor in diamino acids, are potent, while the protamines 
which consist chiefly of diamino acids, are inert, suggests that these 
three diamino acids are not of importance in the anaphylactic activity 
of proteins, but since no protein is known which does not contain either 
histidine or arginine, we cannot prove this point as it seems to be 
proved for lysine. 

Solubility of the protein is essential, since although insoluble pro- 
teins may eventually be brought into solution in the animal body, the 
process is too slow to bring about reactions, and also it is probably 
accompanied by disintegration of the protein molecule. Heat, of 
degrees that do not disintegrate the proteins, affects them only to the 
extent that it makes them insoluble. There are, however, only a few 
known proteins that are not made insoluble by heat, and these, except 
gelatin, are antigenic despite boiling, these being casein (8), ovomucoid 
(9), the so-called proteoses of plant seeds (10), beta-nucleoproteins (4) 
and perhaps the capsular substance of pneumococci (11). Compound 
proteins will produce anaphylaxis if they are soluble and if the protein 
constituents are themselves antigenic, but apparently not when the 
protein radical is a non-antigenic histon or protamin. Thus, alpha- 
mucleoproteins (4) and hemoglobin (5) are non-antigenic, while mucins 

(12), beta-nucleoproteins (4) and hemocyanin (13) are antigenic. 
A suggestive observation on the requirements necessary for ana- 
phylactogenic activity is furnished by Ten Broeck’s observations (14) 
with the racemized proteins of Dakin. These proteins, presumably 
because of changes in structural configuration, are not attacked by the 
ordinary proteolytic enzymes, and likewise they do not exhibit ana- 
phylactogenic properties. Landsteiner’s (15) studies on the precipitin 
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reaction with azotized proteins have led him to the conclusion that 
the significance of the proteins for the usual immunity reactions, 
except for their immunizing capacity, does not depend so much upon 
their particular chemical structure as on their molecular size and the 
properties depending thereon. Such large molecular complexes may 
be able to react with antibodies even when incapable of engendering 
their formation. 

The question whether anything less than an, entire protein molecule 
can act as an anaphylactogen has been the subject of much investiga- 
tion. Although I have always obtained negative results with numer- 
ous products of protein cleavage, nevertheless Fink (16), making in my 
laboratory an extensive study of proteose fractions obtained from 
coagulated egg white by hydrolysis with steam under pressure, did find 
evidence of a very slight anaphylactogenic property in those fragments 
that were precipitated at ? and complete saturation with ammonium 
sulphate, but not with fractions precipitated at 4, 4, $ and 2 satura- 
tion. However, these reactions consisted only of slight symptoms 
even after intracardiac injections of 25 to 50 mgm. of proteose, and 
were of significance chiefly because similar symptoms were not pro- 
duced by the other fractions and because positive precipitin and com- 
plement fixation reactions were obtained with these same two fractions 
only. This result is particularly surprising since it would be expected 
that the fractions precipitated by smaller concentrations of ammonium 
sulphate would represent larger molecules more closely resembling the 
intact protein molecule. 

Fink gives an elaborate critical review of the published work on 
antigenic properties of the cleavage products of proteins, which indi- 
cates mainly that much of it is worthless, and that there is no con- 
clusive evidence of anaphylactic or other immunological reactions 
having been produced with proteoses and peptones, beyond the very 
slight positive evidence that he has secured with his own carefully pre- 
pared materials. The obvious source of error in much of this work lies 
in the fact that “proteose’”’ and “peptone” preparations generally are 
themselves active stimulators of smooth muscle and perhaps capillary 
poisons (Dale), in animals that are not sensitized, and hence observed 
symptoms can differ in sensitized and nonsensitized animals only 
quantitatively. They readily produce anaphylactoid manifestations 
on intravenous injection. Corroborating this interpretation of the 
supposed positive anaphylaxis reactions with proteoses is the fact that 
nearly all attempts to produce precipitins or complement-binding anti- 
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bodies with the same protein cleavage products have given negative 
results. 

It is appalling to observe the amount of uncritical work done with 
unpurified, unanalyzed commercial “peptones,’”’ usually Witte’s prod- 
ucts. Such work can produce absolutely no usable evidence con- 
cerning most of the problems under investigation, since the source and 
composition of the material is entirely unknown to the investigator, 
and it has been repeatedly shown that Witte’s peptone is a mixture of 
widely varying composition in different samples. 

If no positive results can be obtained with most of the fractions of 
protein cleavage, including digestion mixtures of varying sources, but 
containing usually all the cleavage products from proteoses through 
peptones and polypeptids to amino acids, it is not easy to accept the 
statement that anaphylaxis can be produced by synthetic polypeptids, 
even one containing 14 molecules of leucine and glycine (Abderhalden, 
17), still less the positive results of Zunz (18) with much simpler poly- 
peptids (3-5 glycylglycine). These reactions were obtained after 
intravenous injections of the peptids into sensitized rabbits, and con- 
sisted of fall of blood pressure, increased rate of respiration and expul- 
sion of feces and urine, but these reactions, slight as they are, were by 
no means constant, and occurred under very particular conditions, e.g., 
positive results with animals sensitized with six intraperitoneal injec- 
tions at weekly intervals, but not in animals that received six sub- 
cutaneous injections at similar intervals. No other species of animals 
seems to have been tried, and it seems most improbable that the 
reactions observed would fulfil the requirements for proof laid down in 
the opening section of this review. Certainly, in view of the possible 
sources of such reactions independent of true anaphylactic shock, and 
the large number of negative results with peptones and digestion mix- 
tures, the acceptance of the results yet obtained with synthetic poly- 
peptids as proof of their antigenic activity will require much more 
convincing evidence than any that has yet been produced. 

There still remains no satisfactory. proof that anything except pro- 
teins can act as anaphylactogens. Even some definite antigens, whose 
protein nature is doubtful, are not anaphylactogens in the strict sense, 
namely, true soluble toxins and tuberculin, despite the fact that they 
do produce a certain type of hypersensitiveness (see Coca, 1). While 
many attempts have been made to establish the antigenic activity of 
lipoids by means of the precipitin and complement fixation reactions, 
thé lack of solubility of the lipoids has made them unsuitable for ana- 
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phylaxis studies. Although a few studies with such material have 
been reported to give positive results, it is probable that these are all 
erroneous (see White, 19). Certainly as yet the antigenic capacity of 
lipoids has not been established. 

On the other hand drugs and chemicals of many sorts have produced 
both local and systemic reactions that have been interpreted as ana- 
phylaxis. Especially is this true of mercurials, salvarsan and other 
arsenicals, iodin and bromine and compounds thereof; also innumerable 
alkaloids (e.g., quinine, atropin) synthetic organic compounds (sali- 
cylates, antipyrine) and various vegetable oils, resins, .etc. The 
evidence concerning the reactions produced by these substances has 
been thoroughly reviewed by Coca, who concludes that their anaphy- 
lactic nature has not been established. Wolff-Eisner has advanced 
the hypothesis that drug reactions may be produced by the blood or 
tissue proteins altered by the chemical so that they are as foreign pro- 
teins to the injected animal. As yet this hypothesis is unproved, 
although it is worth more extended and careful investigation than it 
has yet received. It is probable that many of the systemic reactions 
observed after intravenous injections of arsenicals and other sub- 
stances are not anaphylactic but anaphylactoid, and dependent upon 
capillary thrombosis, agglutination emboli, or. capillary toxicity, after 
the order of the results obtained by Karsner and Hanzlik. The failure 
to produce passive anaphylaxis with the serum of persons hypersensi- 
tive to drugs, the failure to secure convincing active sensitization in 
guinea pigs, the number of instances in which drug hypersensitiveness 
is exhibited on the first injection and those in which heredity is evi- 
dently responsible, and the numerous points of difference from true 
anaphylactic reactions, all make the identity of drug hypersensitivity 
with true antigen-antibody anaphylaxis, a matter of great improbabiliy. 


THE NATURE OF THE IMMUNE-BODY 
Anaphylactin, sensibilizin, sensitizin 


The demonstration that anaphylactic sensitization can be trans- 
ferred to a normal animal by injection of blood or serum from a sensi- 
tized animal, has been generally accepted as establishing anaphylaxis 
as a typical antigen-antibody reaction. Doerr and Russ added impor- 
tant support to this view by showing that the potency of a serum in 
conferring passive sensitization varies in direct proportion to its content 
in precipitins. Zinsser states that ‘The principle that anaphylaxis 
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depended directly on the meeting of the antigen with its specific anti- 
body has never been seriously questioned since that time.’ Three 
main questions have remained unsolved, however, namely: a, Is the 
sensitizing antibody the same as the precipitin or the complement- 
fixing antibody? 6, Where does the reaction of antigen and antibody 
take place? c, How does this reaction produce the manifestations of 
anaphylactic shock? 


THE RELATION OF PRECIPITIN TO THE SENSITIZING ANTIBODY 


An attractive hypothesis is that there are two fundamental types of 
immunity reactions. One, having to do with substances which are 
essentially active poisons, neutralizes or inhibits their toxicity by direct 
chemical action (see Zinsser, 1). In this group come the antitoxins 
and the antibodies for enzymes, venoms, poisonous vegetable proteins 
(ricin, abrin, etc.) and various bacterial hematotoxins. It is to be 
noted that these active substances are all similar to one another in 
being classed as large colloidal aggregates, resembling proteins, but not 
yet identified as proteins. The other group of immunity reactions is 
concerned with defense against foreign proteins, whether toxic or non- 
toxic and whether in solution or aggregated into cells (bacteria, cor- 
puscles, tissue cells). In all the reactions of this group we deal with 
processes that tend to alter the colloidal state of the foreign proteins, 
by making them larger aggregates (precipitation, agglutination) or 
smaller aggregates (proteolysis, hemolysis, bacteriolysis, cytolysis), 
and in each case the reaction consists of two separable steps, sensitiza- 
tion and reaction. It is tempting to accept the view, championed 
especially by Friedberger, that in this second group of reactions but 
one and the same antibody is concerned, and that all the reactions are 
essentially the same, differing merely in the method by which the 
reaction is demonstrated. There are, indeed, many facts capable of 
interpretation as supporting this hypothesis, but there are still other 
items that do not harmonize with it, notably the lack of constant 
quantitative relations between the different reactions produced by the 
same immune serum, and as yet it is neither established nor completely 
disproved. 

Anaphylaxis obviously comes into the second class of “‘ proteolytic’ 
immune reactions, and the identity of the sensitizing antibody and the 
precipitin has been strongly supported. Several observers have found 
that the relative proportion of precipitin and sensitizing antibody 
runs parallel in immune sera (Friedberger, Doerr and Russ) and I have 
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myself observed, in studying the development of antibodies in animals 
immunized to vegetable proteins, that the precipitins appear together 
with the capacity to confer passive sensitization (20). Richard Weil 
(21) added much support to this contention by finding that the pre- 
cipitate obtained when immune serum reacted with the specific protein, 
and washed free from the serum, conferred passive sensitization to the 
specific antigen when injected into guinea pigs, if the proportion of 
antiserum and antigen had been svitably selected in producing the 
precipitate. Mechanical carrying down of serum antibodies was. 
excluded by appropriate experiments. Although it was found that if 
immune serum is heated at 70° for one-half hour it loses its precipitat- 
ing power but not its capacity for passive sensitization, Weil did not 
consider this as evidence of a separation of precipitin and sensitizin, but 
interpreted it as indicating that only the thermostable combining 
(haptophore) group of the antibody is essential to passive sensitization. 
“The fact that the coexistence of antigen in the same fluid may inhibit 
the precipitating power of antibody, while only partially interfering 
with the sensitizing function, may explain the divergence in the litera- 
ture between those who maintain that precipitin and sensitizin run 
parallel in immune serum and those who deny this relationship.”’ The 
precipitates produced in the precipitin reaction contain both antigen 
and antibody, since they sensitize both actively and passively, and 
Weil believed that both antigen and precipitin can be separately 
extracted from such precipitates by suitable procedures. Although 
Coca (22) was unable to repeat Weil’s experiment with washed pre- 
cipitin-antigen precipitate, yet he did secure further evidence that 
precipitin and sensitizing antibody are identical. 

Granting the identity of precipitin and sensitizing antibody, one 
must consider the relation of both to the complement fixing antibody, 
which numerous observers have maintained is identical with the pre- 
cipitin (23). The assumption of identity of the sensitizin and the 
complement fixation antibody is the basis of Friedberger’s classical 
experiments on the production of a poison, supposed by him to be 
responsible for anaphylaxis, by digestion of sensitized proteins with 
complement. This topic will receive consideration later. 


THE SITE OF THE REACTION 


The earlier view that anaphylaxis resulted from reaction of antigen 
and antibody in the circulating blood was shaken by the observation 
that in passive sensitization of guinea pigs there is a latent period of at 
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least four hours before the animal becomes sensitive, and that simul- 
taneous injection of antigen and antiserum produce no effects. This 
fact is difficult to explain if antigen and antibody react in the circulat- 
ing blood, but fits in well with the hypothesis that the latent period is 
required for the antibody to enter the cells and render them sensitive. 
The humoral reaction hypothesis was rendered untenable as a complete 
statement by the observation of Schultz that isolated segments of 
intestine from sensitized animals reacted te the specific antigen by 
contraction, and by the development and refinement of this prin- 
ciple especially by Dale and Weil. It has now been established that 
isolated non-striated muscle tissue, washed as free as possible from 
blood, will give strong contractions immediately it is brought into con- 
tact with even very dilute solutions of the specific antigen, and only 
with the specific antigen. The possibility that even the most careful 
washing out by perfusion methods may leave blood in some of the 
capillaries, especially emphasized by Larson and Bell (24), seems to be 
eliminated as an explanation of the positive results, both by quantita- 
tive considerations and by the observation of Weil (25) that uterine 
muscle of a passively sensitized guinea pig does not react to the antigen 
during the latent period (even if not perfused and full of blood) although 
at this time the blood in the uterus contains an abundance of anti- 
bodies. On the other hand a very much smaller dose of antiserum, 
even when followed by careful perfusion twenty-four hours later, has 
then rendered the uterine muscle highly reactive to the specific antigen. 

Besredka (1), who was one of the earliest supporters of the “cellular 
theory” of anaphylaxis, believed that the reaction occurred in the cells 
of the central nervous system, but this localization is excluded by many 
experiments which show that anaphylactic reactions occur in tissues ° 
entirely disconnected from the central nervous system, as well as by 
the muscle strip experiments mentioned previously. Another form of 
evidence of the non-humoral nature of anaphylaxis is furnished by 
transfusion experiments (Manwaring, Pearce and LEisenbrey, Weil 
and others) which show that the blood of a sensitized animal can be 
replaced with the blood from a non-sensitized animal without impairing 
its sensitivity. This form of experiment is particularly convincing 
when passive sensitization is employed with serum of known sensitiz- 
ing power, since then it is possible to know surely that the transfused 
animal cannot have a sensitizing dose of antibodies left in its circulat- 
ing blood (Coca, 26, von Fenyvessy and Freund, 27). Furthermore, 
Doerr and Pick have observed that even after all demonstrable anti- 
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bodies have disappeared from the circulating blood in the rabbit, fatal 
anaphylactic shock may be produced. 

Not only do we have all this evidence of the cellular site of the ana- 
phylactic reaction, but in addition there is abundant evidence that the 
presence of free antibodies in the blood interferes with the anaphylactic 
reaction (Weil, 28) presumably by binding the antigen before it can 
reach the ‘“‘sessile” receptors within the cells. This is the explanation 
of the fact that repeated injection of guinea pigs with the antigen 
renders then immune rather than hypersensitive, and that a single 
large dose of antigen sensitizes less successfully than a small dose of the 
same antigen. : 

It may safely be said that at least the essential features of acute 
anaphylactic shock depend upon intracellular reaction between antigen 
and antibodies that have been withdrawn from the circulating blood 
and fixed within the cells. Whether the reaction which presumably 
occurs between antigen and the free antibodies in the circulating blood 
also plays any part whatever in anaphylaxis, is still undetermined. 
Zinsser (1) believes that the “radical cellular interpretation of all 
phases of the phenomena of anaphylaxis goes too far.”” Several observ- 
ers have reported that when suitable quantities of antigen and antibody 
are used, it is sometimes possible to secure passive sensitization without 
the usual period of incubation; indeed certain workers have stated 
that simultaneous injection of antigen and antiserum may give rise to 
immediate anaphylactic reaction, especially in rabbits. The chief 
objection to these experiments is that the supposed positive results 
are obtained only occasionally, are usually very slight in character and 
without the necessary regularity to be convincing evidence of a funda- 
mental principle, and Weil doubted the true anaphylactic character of 
such reactions as have been observed. Friedemann obtained the best 
results with simultaneous intravenous injections of antigen and anti- 
serum in the proportions which were found to give the best precipitin 
reactions in vitro, which suggests the possibility that the symptoms 
observed in the injected rabbits were not those of true anaphylaxis, 
but anaphylactoid phenomena produced by capillary occlusion from 
the precipitate, or possibly from agglutination of red cells or fibrin 
formation incited by the precipitate, for it has been shown by Doerr 
that intravenous injection of antigen-antibody precipitates produces 
severe symptoms. 

On the other hand, there is no doubt that antigen-antibody mations 
do produce, at least in vitro, substances that are eminently injurious, 
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especially on intravascular injection, and it seems reasonable indeed 
to believe that such substances may be produced in the typical ana- 
phylaxis reaction and play some part in it, even if we grant that the 
typical acute anaphylactic shock depends on reaction within certain 
tissue cells. For example, Manwaring and Kusama (29) found that 
although isolated lungs from sensitized guinea pigs exhibited strong 
bronchial constriction when perfused with the specific antigen, they 
gave still stronger reactions when the blood of the sensitized animal 
was present in the perfusion fluid. Some authors have advanced the 
hypothesis that the more chronic manifestations of anaphylaxis (such 
as fall of temperature in guinea pigs, the splanchnic engorgement and 
hemorrhagic enteritis in dogs) depend on humoral antigen-antibody 
reaction. Weil’s demonstration (25) that during the latent period 
immediately following injection of immune serum, despite the presence 
of abundant antibodies in the blood, no anaphylaxis reaction can be 
obtained, either acute or chronic, makes difficult of acceptance the 
hypothesis that humoral reactions play any important part in anaphy- 
laxis. 


** ANAPHYLATOXIN’” FORMATION AND ITS RELATION TO ANAPHYLAXIS 


For a time in the history of the study of the anaphylaxis reaction 
the cause of the intoxication clearly seemed to lie in the products of 
cleavage of foreign proteins into toxic elements by the enzymes of the 
blood or the tissues. This “anaphylatoxin” hypothesis fitted most of 
the known facts so well, and was so perfectly logical, that it seemed 
almost inevitable, yet at the present time it appears to be untenable, 
in the face of existing evidence, as the final explanation of anaphylaxis. 
It rested fundamentally upon three sets of observations. First, the 
demonstration by Vaughan that from almost any protein a highly 
poisonous substance can be produced by cleavage under suitable con- 
ditions, and that this substance produces effects in animals much 
resembling the phenomena of anaphylactic shock or subacute ana- 
phylactic intoxication. Second, the similarity of the effects produced 
by intravenous injection of Witte’s “peptone” and other products of 
protein cleavage, to those of anaphylaxis. Third, the demonstration 
by Friedemann and Friedberger of the highly poisonous character of 
the products of reaction in vitro of antigen, antibody and complement. 
Taken together these observations seemed to indicate plainly enough 
that anaphylaxis was a typical case of poisoning by products of specific 
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proteolysis of antigens by serum complement after sensitization of the 
antigen by the specific antibody. Friedberger especially developed 
this hypothesis, although others had preceded him in producing intoxi- 
cation of animals by injecting the products of antigen-antibody-com- 
plement reaction. 

Friedberger showed that such toxic products were formed when 
precipitates, resulting from the reaction of antigen and specific pre- 
cipitin (or bacteria or other cells that had been sensitized with the 
specific cytolytic amboceptor), were digested for a suitable period 
with serum complement. Also that the toxic product produced symp- 
toms resembling those of anaphylaxis when injected intravenously 
into animals, and that these symptoms were the same irrespective of 
the nature of the antigen used, which is one of the characteristic fea- 
tures of anaphylaxis as well as of Vaughan’s products of protein cleav- 
age. Furthermore, too long digestion, or excessive sensitization, failed 
to produce the ‘‘anaphylatoxin,’”’ which supported the view that the 
poison represented an early stage in protein cleavage, which was 
destroyed by further digestion. 

It was soon found, however, that this so-called anaphylatoxin forma- 
tion was not a specific result of antigen-amboceptor-complement reac- 
tion, as identical toxic effects are produced with normal serum that 
has been digested with complement in the presence of absolutely inert 
materials, such as kaolin, barium sulphate and agar. Jobling and 
Peterson found that merely extracting the lipoids from normal serum 
and then letting it digest itself resulted in the same type of toxicity, 
and they agree with Bronfenbrenner (30) in attributing all the positive 
results in this type of experiment to a removal or inhibition of anti- 
enzymes present in normal serum, so that proteolysis then sets in. 
Even the clotting of blood or plasma may produce changes which 
render it highly toxic, even for the animal from which it came, with 
the same anaphylaxis-like manifestations that are produced by the 
toxic sera in the typical anaphylatoxin experiment. 

Despite the undeniable fact that blood serum may be made highly 
toxic when digested with complement under various conditions, and 
that the symptoms which follow intravascular injection of such toxic 
sera resemble those of anaphylactic shock in many particulars, never- 
theless the responsibility of such a production of toxic products of 
protein cleavage for the explanation of anaphylactic shock fails of 
proof. Some of the points that have been advanced against this so- 
called humoral anaphylatoxin theory are the following: 
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1. It does not fit with the latent period of passive sensitization. 
However, intracellular formation of anaphylatoxin might account for 
this phenomenon. 

2. Complement is not essential, since animals deprived of free com- 
‘plement in the circulating blood may still give anaphylactic reactions. 
Here again, one may suggest the presence of intracellular or reserve 
complement. 

3. All attempts to prove that complement is a proteolytic ferment 
have so far failed. 

4. “Anaphylatoxin” activity has been produced in serum by diges- 
tion in the absence of complement, in the absence of antigen, and in 
the absence of antibody. On the other hand, if antigen and the spe- 
cific antibody are injected simultaneously into the opposite jugular 
veins of a guinea pig, the animal shows no evidence of intoxication. 

5. In the anaphylatoxin experiments the existence of capillary embol- 
ism or endothelial intoxication has not been excluded, and there is 
reason to believe that most of the observed symptoms are anaphy- 
lactoid rather than anaphylactic. 

6. All attempts to demonstrate that the blood of animals in anaphy- 
lactic shock contains a poison responsible for the observed manifesta- 
tion, have failed (see Weil, 31). 

The theory of the dependence of anaphylactic intoxication upon the 
formation of non-specific poisons from proteins by some sort of fer- 
ment reaction, received its most severe blow in the clear-cut experi- 
ments of Dale (32) with the guinea pig uterus. If we grant, as it seems 
we must, that stimulation of nonstriated muscle is an essential, and 
probably the essential feature of acute anaphylactic shock, the Schultz- 
Dale method portrays the reaction without the possible invalidating 
effects of capillary thrombosis or agglutination emboli. The fact that, 
as Dale points out, the specific antigen, when introduced into a bath 
containing the muscle strip, produces a reaction immediately it comes in 
contact with the muscle, and quite as promptly as a preformed, diffusible 
stimulant, such as histamine, pilocarpine or pituitary extract, is 
difficult to reconcile with the theory that the stimulating agent is 
liberated through proteolysis. Moreover, says Dale, 


Apart from the absence of a coarse latent period, the rest of the time relations 
of the effect are very difficult to harmonize with any form of ferment theory. On 
such a theory, one would expect a gradual onset and slow rise to a maximum. 
But the onset is sudden, and the rate of progress to the maximum, when sensi- 
tiveness is fully developed and the dosage not too minute, is apparently limited 
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only by the contraction rate of the plain muscle. After a few minutes at the maxi- 
mum the effect begins to decline, and the muscle is then insensitive to further 
doses. In the form of the contraction curve, as in the brief latency, the effect 
recalls that of a powerful stimulant drug added directly to the bath. 


These observations seem to exclude not only the humoral site of 
_ anaphylaxis reaction, but also to rule out the possibility of even an 
intracellular digestion of a sensitized antigen by a ferment, whether 
serum complement or intracellular proteolytic enzymes. 

But we cannot escape the fact that the manifestations of anaphy- 
lactic shock resemble in all respects those of an acute intoxication; 
furthermore, that histamine, the substance which produces the picture 
most closely resembling that of typical anaphylaxis, is a product of 
protein cleavage (see Abel and Kubota, 33; Dale, 34; Hanke and 
Koessler, 96). Not only does histamine cause bronchial spasm in 
guinea pigs, obstruction to pulmonary circulation in rabbits and fall 
of blood pressure in dogs, but applied to the skin or mucous mem- 
branes, it causes marked local urticaria resembling closely that of skin 
reactions in sensitized persons, and it does all these things in extremely 
minute dosage, comparable with the dosage of proteins used in ana- 
phylactic reactions. Furthermore, its antecedent amino acid, histidine, 
is present in every known complete protein. Other pure chemical 
products of protein cleavage, such as methyl guanidine, have more or 
less similar effects. The chief respects in which histamine fails to 
account for all the phenomena of anaphylaxis are: 

1. It fails to desensitize sensitized animals or tissues yet produces 
strong reactions in the uterus strip that has been thoroughly desen- 
sitized (Dale, 32). 

2. Histamine does not produce the temperature reactions usual in 
anaphylaxis. 

3. Histamine does not produce the changes in coagulability of the 
blood usual in anaphylaxis. 

4. Quinine augments the susceptibility of sensitized animals to the 
foreign protein but does not affect the intoxication produced by his- 
tamine (M. I. Smith, 35). 

Nevertheless, histamine seems to have a synergetic relation to 
anaphylactic shock, probably because the points of attack of histamine 
and anaphylactic reactions are identical (35). In respect to item one 
of the above list, we would not expect histamine to desensitize if it is 
the active product of an antigen-antibody reaction, since it is this 
reaction alone that is prevented by desensitization. As to items three 
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and four, it may well be that these phenomena result from other 
products of the antigen-antibody reaction, since presumably many 
different substances are produced. The effect of quinine (item four) 
might be found to be an influence on the antigen-antibody reaction if 
this possibility were investigated. 

Moreover, in the so-called Abderhalden reaction we have evidence 
that protein cleavage does occur in mixtures of immune serum and 
specific protein, and that in this process highly active toxic substances 
are produced (Bronfenbrenner, 30). For whatever may be said con- 
cerning the specificity of this reaction, there undoubtedly does com- 
monly occur a greater amount of proteolysis in such mixtures with the 
specific antigen than if some other protein is present. A careful study 
of the Abderhalden reaction (dialysis method) in my laboratory by 
Elsesser (36), using Osborne’s purified vegetable proteins, showed that 
in spite of many atypical, irregular and illogical results, ‘‘there is an 
obvious tendency for a substrate to react more often and yield stronger 
reactions when tested against its homologous immune serum, than 
when tested against a heterologous immune serum.” 

Also, we cannot afford to overlook the important fact that racemized 
proteins, which are characterized by being incapable of attack by 
enzymes in vitro, or of being digested and metabolized in vivo, are also 
incapable of serving as antigens, although derived from proteins which 
in the original state are highly antigenic. 

It being established that immune sera do cause proteolysis of spe- 
cific antigens, or at least produce diffusible cleavage products when in 
contact therewith, and since the intermediate products of proteolysis 
are unquestionably toxic, how can we discard entirely the possibility 
that such substances do arise, and play at least some part, in ana- 
phylaxis, even if we can exclude proteolysis as the responsible factor in 
the immediate contraction of non-striated muscle both in vivo and in 
vitro? Furthermore, since the so-called anaphylatoxins are so readily 
produced, and exert such a profound physiological effect, their impor- 
tance in human pathology must be considerable, even if they are not 
responsible for typical acute anaphylactic shock. Such observations 
as those of Quenu and Delbet, Cannon (37) and others, on the relation 
of disintegration of traumatized muscle tissue to traumatic shock, 
come to mind in this connection. 

Although we are justified in defining sharply the limits of what shall 
be considered as true anaphylaxis in discussing and studying that topic, 
phenomena which we must exclude as outside those limits are not 
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therefore any less important. They merely are other problems, and 
presumably related problems, but how much bearing they have on 
specific anaphylaxis, if any, we do not know. From this open view- 
point as a contribution to our knowledge of serum toxicity, the exten- 
sive studies of Novy and his collaborators (38) are of interest. They 
corroborate and extend the findings of others, that the serum of a guinea 
pig may be made toxic for guinea pigs after incubating with agar, inulin, 
or small formed particles, such as trypanosomes or inorganic precipi- 
tates, so that from 1 to 3 cc. may be a lethal intravenous dose. Rat 
serum, which is toxic to guinea pigs even when untreated (3 to 4 ce. 
sometimes being fatal) may have its toxicity enhanced until 0.25 ce. is 
lethal. Also, agar and other substances which render serum poisonous 
in vitro are also very toxic when injected intravenously, as little as 
9 mgm. of agar per kilo of guinea pig being fatal. But even unformed 
substances may render serum toxic, e.g., peptone solutions, and dis- 
tilled water is said to produce “anaphylatoxin” in rat serum, which 
Sachs (39) would explain by the precipitation of the serum globulins 
by the distilled water, thus disrupting the colloidal equilibrium and 
permitting the formation of toxie forms of colloids. But the proof 
that such phenomena are the same as those underlying the specific 
antigen-antibody reaction of anaphylaxis has not been furnished, and 
the term anaphylatoxin is misleading, especially as we have as yet no 
proof that a toxic material is formed in and responsible for true ana- 
phylaxis reactions. Moreover, the “anaphylatoxins’” thus formed 
(better called ‘‘serotoxins”) seem to have little effect on rabbits, 
although these animals are far from insusceptible to anaphylaxis. Nor 
can we reconcile the observation that the mere coagulation of blood 
renders the serum highly toxic, with the known facts of anaphylaxis. 
Unquestionably the readiness with which blood becomes poisonous is 
an important phenomenon, and presumably it plays an important part 
in pathology, but that this phenomenon is responsible for, or even 
related to, anaphylaxis, has yet to be demonstrated. Novy and 
DeKruif make this statement: “It will be seen that the phenomenon 
of anaphylatoxin production, which includes anaphylaxis, is not con- 
nected with the problem of immunity except so far as it shows the 
ready response of a labile blood constituent to an alien substance.’” 
But anaphylaxis 7s a definite immunological phenomenon, and if the 
phrase ‘which includes anaphylaxis” is omitted from this statement 
most imm- nologists will agree, accepting the independence of so-called 
anaphylatoxin formation from immunological reactions in general and 
from anaphylaxis in particular. 
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But if we discard the anaphylatoxin theory of anaphylaxis, we are 
left without an explanation of the very striking phenomena of anaphy- 
lactic shock, for no satisfactory substitute hypothesis has been pro- 
posed. Dale (32) suggests that ‘“‘A disturbance of the conditions of 
colloidal solution is set up in the muscle fibre,’’ which is not altogether 
satisfactory, although it may well be true. Weil speaks of a ‘‘cellular 
discharge” which is even more vague. Danyz (40) has proposed the 
hypothesis that anaphylaxis is merely an intracellular or intravascular 
“indigestion,’’ because of the impossibility of transforming colloidal 
antigen into crystalloids, but this does not fit at all the known facts of 
the character of the reaction in isolated tissues. None the less, the 
fact that slight disturbances in the equilibrium of plasma colloids 
render them highly toxic is an outstanding fact, and it becomes easily 
understandable that a similar alteration in colloidal equilibrium within 
the cell protoplasm may produce equally profound intoxication of the 
cell, and at present there is a growing tendency to seek an explanation 
of anaphylaxis in the domain of colloidal chemistry (see Zinsser, 1, 
Sachs, 39). 


PATHOLOGICAL PHYSIOLOGY 


Anaphylactic reactions have been produced in many species of 
mammals, but only in the guinea pig, rabbit and dog has the process 
been thoroughly studied. The striking fact soon developed that in 
each species the phenomena were different, and always the same in 
that species without relation to what antigen was being used. No 
matter how widely separated in biological origin or chemical character 
the antigenic protein might be, the symptoms produced were always 
the same, a fact which gave support to the hypothesis that the poison 
responsible was derived from the proteins of the sensitized animal 
itself. Auer and Lewis demonstrated that in the guinea pig the typical 
respiratory difficulty was caused by a spasm of the bronchial muscula- 
ture. Anatomical studies showed that the guinea pig has an excep- 
tionally highly developed musculature in its bronchi, the finer bron- 
chioles being practically nothing but muscular tubes, possessing also a 
thick folded mucous membrane. More recent experiments have 
shown that this spasm of the bronchioles is not accompanied by a corre- 
sponding spasm in the blood vessels, since perfusion fluids pass through 
the distended, anaphylactic guinea pig lung without obstruction. 

In the rabbit this lung inflation is not observed, or at least not to 
any corresponding degree, the symptoms being chiefly circulatory. 
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There is a fall in arterial blood pressure, slowing of the heart beat, 
with marked distention of the right side of the heart. Auer believed 
that these changes resulted from a direct effect on the muscle of the 
right ventricle, and the isolated hearts of both rabbits and guinea pigs 
do give reactions in vitro. Coca (41) found that during anaphylactic 
shock the rabbit’s lung develops a greatly increased resistance to the 
passage of perfusion fluids, with embolism and thrombosis excluded, 
apparently from a spasm of the muscular coat of the arterioles, which 
explains the observed symptomatology. Here again histological study 
offers an explanation, since the pulmonary arteries of the rabbit pre- 
sent a remarkable degree of muscular development, analogous to that 
of the guinea pig bronchioles. 

The symptoms produced in the dog are again quite different and 
distinctive. Here the liver and splanchnic circulation show the most 
marked effects, becoming tremendously engorged with blood, so that 
the systemic blood pressure falls because depleted of blood. Weil 
(42) showed that this was a local reaction, for when he injected the 
antigen into one of the branches of the portal vein supplying a single 
liver lobe, the congestion was limited to this lobe. This hepatic effect 
has generally been attributed to an action on the liver cells, especially 
since it is accompanied by alterations in the coagulability of the blood, 
and other evidences of altered hepatic function, such as reduced capac- 
ity to form urea from ammonium lactate (Rumpf, 43). A more plaus- 
ible and logical explanation has been advanced by Simonds (44) who 
states that the walls of the hepatic veins of the dog differ from those 
of all other animals in the great development of their musculature, 
inferring that the hepatic and splanchnic congestion are the result of 
spasm of the hepatic veins. As yet the necessary tests to show that 
occlusion of the hepatic veins does occur, and that this of itself can 
account for the observed phenomena in canine anaphylaxis, have not 
been reported. 

If this explanation is correct, the characteristic features of acute 
anaphylactic shock in different species depend merely on differences in 
the distribution of non-striated muscle in the different species. We 
have abundant experimental evidence that unstriated muscle of all 
tissues or organs is stimulated to contraction in the anaphylactic 
reaction, which explains the micturition and defecation, and perhaps 
the erection of the hairs and the exophthalmos observed in anaphy- 
lactic shock. Whether the marked changes in the heart action, some- 
times in the nature of heart block, revealed in the anaphylactic rabbit 
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by electrocardiographic methods (Auer and Robinson, 45) depend on 
spasm of the coronary arteries, on reaction of the heart muscle itself, 
or on the pulmonary obstruction, is not known. Presumably the 
stimulation of unstriped muscle tissue is universal [thus, in the dog 
severe bronchial constriction does occur even with the liver and other 
abdominal viscera excluded from the circulation (Pelz and Jackson, 
46)|, and the symptoms observed depend upon the degree of develop- 
ment of these muscles, or their strategic location, in different organs of 
different species.2. Corroborating this view is the fact that fatal ana- 
phylaxis reactions in man are practically limited to persons suffering 
from chronic asthma.’ In such persons there is a profound thickening 
of the bronchial wall, together with great hypertrophy of the bronchial 
musculature, which facts are brought out strikingly in the study of the 
pathological, anatomy of bronchial asthma in this laboratory by Huber 
and Koessler (51). Such asthmatic persons, having bronchi like those 
of the guinea pig, react in the same way as the guinea pig when injected 
with the specific antigen. On the other hand, it may occasionally 
happen that the manifestations may affect chiefly the splanchnic area, 
as in the dog (see case reported by Gurd and Roberts, 52), but the 
reason for this loealization in these cases has not been sought in the 
light of Simond’s observations.‘ 


2 The theory that leucocytic blocking of pulmonary capillaries is important 
(Werigo, 47) is not supported by many studies of the lungs in anaphylaxis, and 
is contradicted by the lack of any decrease in severity of reaction in guinea 
pigs with greatly reduced number of leucocytes from Thorium-X treatment 
(Corper, 48). 

$A remarkable instance of fatal anaphylaxis in man has been reported by 
Jeanbrau (49). The patient had been given antitetanus serum, and three weeks 
later received a transfusion of blood from a man who had received a dose of anti- 
tetanus serum that very morning, death resulting in a few seconds. On the 
whole, however, man does not seem to be highly susceptible to anaphylaxis, at 
least as compared with the guinea pig; thus, Béttner (50) calls attention to the 
fact that collargol has had a widespread use by intravenous injection at intervals 
suitable to produce sensitization and shock, without recorded serious results, 
although it contains 25 per cent of protein and produces reactions readily in 
guinea pigs. 

‘Since examining Doctor Simond’s preparations of the dog hepatic veins, I 
have been interested in the great muscular development of the human adrenal 
veins. Although I have not yet had an opportunity to make measurements of 
this material, I have often noticed the large amount of muscular tissue in the 
central veins of the adrenal, apparently greater than that in other veins of cor- 
responding caliber in man. In view of the relation of epinephrin to anaphy- 
lactic shock this observation, if corroborated by actual measurements, may be 
of some significance. 
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There is no pathological anatomy of anaphylactic shock that cannot 
apparently be explained by such a mechanism as that described above. 
The anaphylactic poison, if there is one, would seem to be after the 
order of the alkaloidal poisons, since it produces immediate but transi- 
tory effects, without evident structural alterations in the tissues. 
Such anatomical alterations as are observed, such as hemorrhages or 
waxy degeneration of the voluntary muscles of respiration (53), are 
ascribable to the asphyxia and circulatory obstruction. Longeope (54) 
and Boughton (55) have observed lesions in the kidneys, hearts and 
livers of rabbits and guinea pigs subjected to repeated anaphylactic 
shock, as well as to repeated protein injections without shock, but in 
view of the frequency of spontaneous lesions in animals kept under 
similar conditions and subjected to much manipulation, it cannot be 
said positively that the lesions described resulted from anaphylactic 
. shock, or from foreign proteins (see Bell and Hartzell, 56). Neverthe- 
less, we have in the Arthus phenomenon a striking proof that local 
tissue injury may result from anaphylactic reactions, whether through 
direct cellular injury or protracted vascular occlusion, and so it would 
seem eminently probable that tissue injury may result elsewhere than 
in the skin under similar conditions.’ 

Weil (57) has described changes in the liver of dogsdying within one 
hour of anaphylactic shock, consisting of a cloudy swelling and in one 
case disseminated necrosis, but it is possible that these changes may be 
the result of the intense asphyxia from which the liver suffers. It is 
difficult to understand how injury to the liver cells themselves could 
account for the engorgement, as Weil suggests, and equally difficult to 
accept is Dale’s idea of a selective toxic action on the endothelial cells 
of the liver. Presumably the decreased coagulability of the blood 
depends on injury to the liver cells and release of anticoagulating sub- 
stances, for Weil found that blood containing the specific antigen loses 
its coagulability when perfused through the liver of a sensitized dog, 
and poisons which injure the liver produce a similar decrease in coagul- 
ability. Also, autolysis of the liver is said to be hastened in sensitized 
animals (95). 

Apparently some change takes place in antigens which enter the 
anaphylactic liver, for Manwaring and Crowe (59) found that antigen 
perfused through the liver of a sensitized guinea pig lost its toxicity 


> According to Bulger (58), however, the increase in antithrombin is not 
great, and he ascribes the observed changes in coagulability to variations in 
thromboplastin, together with a marked increase in fibrinolysis. 
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for sensitized guinea pig lungs, although normal livers did not have 
this effect, and Falls (60) observed that larger doses of antigen are 
required to produce shock when injected into the portal vein than when 
introduced into the jugular. Weil (31) has found evidence that anti- 
body and antigen coexist within the reacting tissues for some time, 
the antigen being gradually destroyed, a process which may perhaps 
be accompanied by injury to the cells, but L. Loeb (61) could not 
find that thyroid or uterus from sensitized guinea pigs transplanted 
into other animals were modified in their vitality as tissue grafts, by 
injection of the specific antigen into the host. 

Although we recognize the systemic anaphylactic reaction only as it 
affects non-striated muscle tissue, it may well be that this is merely 
because such tissue alone registers the effects in a graphic manner. 
We do not know whether any or all other cells of the sensitized animal 
are affected when they come in contact with the specific antigen. Still 
less do we know what happens within the sensitized muscle cell when 
the antigen and antibody meet. Dale has shown that the response is 
immediate, as when a potent diffusible drug acts on a cell, but whether 
the reaction changes the colloidal state of the cell, as has been vaguely 
suggested, or whether it causes a discharge of energy after the order 
of an electrical stimulus, or something entirely different, are matters 
concerning which we have not the slightest information. 

Metabolism studies may show an increased toxicogenic destruction 
of protein (62), but the increase in amino acids, presumably resulting 
from proteolysis within the tissues of the reacting individual, is not 
large enough, if it occurs at all, to be significant. Thus, Auer and 
Van Slyke (63) were unable to find a demonstrable increase in free 
amino nitrogen in the anaphylactic guinea pig lung, nor do the livers 
of guinea pigs dying in anaphylactic shock contain appreciably more 
non-coagulable nitrogen than norma! livers (64). However, in ana- 
phylaxis in guinea pigs, as well as after peptone poisoning, there is a 
considerable increase in non-coagulable and urea nitrogen in the blood, 
as well as a slight increase in amino nitrogen, but it is not known whether 
this comes from the tissues or from the antigen-antibody reaction in the 
blood, although the former seems more probable (see Hisanobu, 65). 
Manwaring (66) found that no appreciable loss of the antigenic protein 
occurred during its perfusion through the organs of sensitized animals. 
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DESENSITIZATION AND ANTI-ANAPHYLAXIS 


An important and characteristic feature of the anaphylactic reaction 
is the refractory condition which the recovered animal exhibits imme- 
diately thereafter, provided that the amount of antigen injected has 
been sufficiently large, and isolated muscle strips exhibit the same 
phenomenon. If the reaction is produced by minimal quantities of 
antigen, the animal may still react to a second dose of the same antigen. 
Evidently this condition of desensitization depends upon an exhaustion 
or saturation of the antibodies: The desensitization is quite as spe- 
cific as the acute reaction itself, for if the guinea pig has been sensitized 
to two different proteins and recovers from the shock induced by one 
of them to which it thus becomes entirely refractory, it will still react 
to the second protein. I have had much occasion to take advantage 
of this phenomenon in determining the purity of protein preparations, © 
and in studying the relations of such proteins, and have found it to 
exhibit a reliable specificity. It was noted early in this work, however, 
that the reaction to the second protein is seldom as severe as it would 
be if it were a primary reaction. This has been repeatedly confirmed 
by others, and Dale (32) found that the isolated uterus from an animal 
sensitized to more than one antigen showed a similar decrease in reac- 
tivity after a maximal reaction to one of these antigens. Presumably 
this is due at least in part to exhaustion of the reacting mechanism, 
and perhaps in part, in the case of intraperitoneal injections, to an 
impaired absorption because of inflammatory reactions and obstructed 
lymphatics. 

Desensitization can be accomplished without anaphylactic shock if 
the antigen is introduced slowly enough, which is usually the case 
when the injection is subcutaneous. Conversely, the production of 
observable anaphylactic shock requires that the toxic dose of antigen 
reach the antibodies within a brief period. 

Weil (67) made a quantitative study of desensitization following 
passive sensitization with standardized amounts of antibody, and 
found that the quantity of antigen needed to produce a reaction in a 
partially desensitized pig did not bear a constant relation to the amount 
of unsaturated antibody presumably left after the first reaction, as 
shown by the following table: 
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Sensitization: 0.3 cc. immune serum intraperitoneally 





oiaiul : MINIMAL ANAPHYLACTIC DOSE 
GUINEA PIG SERIES SaSEeeawe BOSS OF OF HORSE SERUM 
HORSE SERUM ‘ ’ 

| INTRAPERITONEALLY 











cc. ce 
1 0.005 0.1 
2 0.01 0.5 
3 0.02 0.5 
4 0.05 | 0.5 








As the minimum anaphylactic dose of antigen after partial desensitiza- 
tion is much larger than before partial desensitization, it would seem 
that the reactivity or affinity of the antibody had been much reduced 
in the desensitizing process. This alteration in quantitative relation- 
ship between antigen and antibody is distinctly different from the 
fixed quantitative relations observed between precipitinogen and pre- 
cipitin, and Weil pointed out the resemblance to the Danyz phenom- 
enon observed in toxin-antitoxin neutralization; i.e., the changed 
quantitative relationship produced by adding antitoxin to toxin in 
small fractions instead of a single neutralizing quantity. As he stated, 


The same antibody, when in solution as precipitin, combines with antigen 
quantitatively, and in strictly constant proportions, to form precipitate; when 
attached to the cell, as sensitizing antibody, it combines with antigen in varying 
proportions. The living cell, therefore, modifies its properties. 


Coca (1), however, makes the valid suggestion that these observations 
can be explained by the assumption that the sensitizing serum contains 
antibodies of varying avidity for antigen, whereby those with the 
greatest avidity are saturated with the first partial desensitizing dose, 
leaving the less reactive antibodies to unite with the second dose of 
antitoxin. These suggestive and important quantitative studies have 
not been extended since the untimely death of Doctor Weil removed 
one of the most brilliant and productive students of anaphylaxis. 
Sensitized animals may be refractory to anaphylactic reactions not 
only because of saturation or exhaustion of the fixed antibodies, but 
because the presence of free antibodies in the circulating blood prevents 
the antigen from coming in contact with the intracellular antibodies, 
i.e., the condition of anti-anaphylaxis. There has been much con- 
fusion in the literature because of the careless use of the term “anti- 
anaphylaxis” to cover all refractory conditions. This term should 
logically be applied only to a resistance due to antibodies, using the 
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term desensitization for the condition which it describes, as indicated 
in previous paragraphs. 

It is this form of antibody resistance, true specific anti-anaphylaxis, 
which accounts for the failure to obtain anaphylactic shock in guinea 
pigs immunized to a foreign protein by repeated injections. This 
assumption, which was made early in anaphylaxis work, seems to have 
been converted into a certainty by the demonstration of Manwaring 
and Kusama (29) that the isolated organs of such immunized guinea 
pigs, washed free of circulating antibodies, are very highly sensitized: 
to the specific antigen. Weil (68) further showed that if small doses of 
antigen are injected subcutaneously into passively sensitized guinea 
pigs that have been given intravenous injections of large protective 
doses of antiserum, the uterus is not desensitized as it otherwise would 
be, since the antigens are kept from uniting with the intracellular anti- 
bodies. 

Antisensitization is a somewhat similar phenomenon described by 
Weil (69), If a guinea pig is given a single dose of rabbit serum several 
days before a sensitizing dose of serum from a rabbit immune to a 
foreign protein, the usual passive sensitization does not take place. 
This is explained by the development in the guinea pig of antibodies 
to the rabbit serum, which protect the guinea pig’s tissues from the 
antibodies of the immune rabbit serum. In proof of this conclusion 
is the fact that such preliminary injection with rabbit serum does not 
prevent passive sensitization with the serum of a guinea pig immunized 
to foreign protein. Also, Manwaring and Kusama (29) showed that 
in immunized guinea pigs the bronchial musculature is highly sensi- 
tized but that the presence of the blood of the immune animal will 
prevent reactions with the specific antigen in lung perfusion experi- 
ments. 

Another form of refractoriness, which is essentially a desensitization, 
may occur when a large sensitizing dose is given. Differences may 
be observed even when the larger sensitizing doses are not very large; 
thus Thomsen (70) states that a sensitizing dose of 0.004 cc. of serum 
produces a maximum sensitization more quickly than 0.1 ec., although 
the final maximum degree of sensitization is the same with each dose. 
This seems explainable on the basis of the persistence of antigens in 
the blood during the time of formation of the antibodies and their 
fixation within the cells, whereby they are saturated with the antigen 
gradually as fixation takes place, without at any one time sufficient 
reaction taking place to be observable. Weil believed that antigen 
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and antibody might coexist in the cells without union, as they are 
known to do in the circulating blood. Of course, when a very large 
sensitizing dose of antigen is given there may be engendered sufficient 
antibodies to produce the condition of antianaphylaxis from the excess 
antibodies in the blood. 

Still a different form of interference with sensitization has been 
described by Julian Lewis (71), who found that an amount of protein 
that will produce a marked anaphylactic sensitization when injected 
alone into a guinea pig, will fail to do so if injected together with, or 
twenty-four hours after, a much larger amount of another protein. 
Thus, in a series of guinea pigs sensitized with 0.1 cc. horse serum 
mixed with decreasing quantities of dog serum from 2 cc. to 0.001 ce., 
no reactions were obtained in the animals receiving from 1 to 2 ce. of 
horse serum, severe reactions but with recovery in those receiving from 
0.25 to 0.01 ec. dog serum, as compared with promptly fatal reactions 
in the animals that received no dog serum. 

The serum from a rabbit immune to horse serum, which will markedly 
sensitize a guinea pig to horse serum, will fail to do so if injected with, 
or twenty-four hours after, a large dose of another protein. 

These results may be explained by the conception that the number 
of receptors in the body that can unite with a foreign protein is limited. 
The inhibiting protein, if present in large amount, combines with all, 
or almost all, of these receptors. Hence, another protein injected with 
it, or after it, is prevented from being combined in sufficient amount 
to stimulate the active production of antibodies. And when a large 
amount of protein is injected with or after a sensitizing dose of immune 
serum, the combination of the latter with the cell receptors, which is 
necessary for passive sensitization, is prevented in the same way. 

I have found that the condition of antisensitization may be produced 
through feeding (72) as well as by injection, and presumably this con- 
dition explains a number of phenomena observed both in experimental 
animals and in man. 


«= Guinea pigs bred from mothers fed with oats were, as soon as weaned, put upon 


a diet of egg albumen and carrots. Other young pigs from the same stock were 
raised upon oats and carrots. The latter animals, after reaching a weight of 250 
to 300 grams, did not give anaphylactic reactions when injected with 0.05 gram 
of a protein obtained from raw oats, and if given small doses, such as ordinarily 
given for sensitizing, they were not rendered sensitive to subsequent injections 
of 0.05 gram of oat protein. Some of the pigs which were raised to 200 to 250 grams 
weight without oats were found to give a typical reaction of moderate severity 
when injected once with 0.05 gram oat protein, apparently from passive sensi- 
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tization conferred by the mother. Others gave no reaction. After the animals 
fed without oats were somewhat older, 350 to 400 grams, they reacted much less 
strongly or not at all to oat protein, as if this inherited passive sensitization were 
passing off, as passive sensitization normally does; such pigs, if given sensitizing 
doses of oat protein, are found to be sensitive to this protein three weeks later, 
giving well-defined reactions of moderate severity. Hence the conclusion seems 
warranted that if guinea pigs are raised on oat proteins they cannot be made to 
give anaphylactic reactions with oat proteins, but if raised without oats they 
may be sensitized to oat proteins, just as they can be to other proteins not usually 
in their food. These experiments support experience obtained previously with 
zein, that guinea pigs become immune to the chief vegetable proteins of their 
food. 

Guinea pigs raised from the time of weaning on a diet of egg protein (Merck’s 
dried egg albumen) and carrots were found to give strong anaphylaxis reactions 
when injected with egg albumen between the thirtieth and sixtieth days, but 
later they reacted less strongly, and after the one hundredth day of feeding they 
gave but slight reactions to 0.1 gram dried egg albumen. At this time sensitiza- 
tion with egg albumen can be obtained to only a slight degree, such guinea pigs 
given injections of egg albumen showing but slight reaction to a subsequent dose 
of egg albumen, while control pigs fed on oats and carrots gave severe, usually 
fatal, reactions to corresponding injections of egg albumen. Apparently, then, 
daily absorption of animal protein in the food at first renders guinea pigs hyper- 
sensitive to this protein, but if the feeding is kept up for a long enough period 
the animals become refractory to the food protein and are so immunized that they 
cannot be sensitized to this protein. _ 

A series of guinea pigs which were raised on bread and cow milk for ten weeks 
were found at the end of this time to be still highly sensitive to milk, dying 
promptly when given 1 to3 cc. of milk intraperitoneally. Apparently this length 
of feeding is not sufficient to render guinea pigs immune to milk. These results 
are not at all in harmony with those of Besredka (73), who did not succeed in sen- 
sitizing with milk by either oral or rectal administration, but did find that sensi- 
tized guinea pigs were made refractory to intracerebral injections of milk if 
previously given milk by either of these routes. They are corroborated, how- 
ever, by the observation of Schlutz and Larson (74) that the blood of infants 
exhibiting the exudative diathesis when injected into guinea pigs renders them 
passively sensitive to milk. 


Non-specific transitory reduction of the intensity of anaphylactic 
reactions may be produced by intravenous injection of numerous 
substances shortly before giving the intoxicating dose. Peptones, 
trypsin, various inorganic salts, urine and foreign proteins other than 
those used in sensitizing, are among these non-specific desensitizers, 
and their mechanism of action is not understood. Kopaczevski and 
Vahram (75) have found that sodium oleate has this effect to a marked 
degree, which they ascribe to a lowering of surface tension of the blood, 
on the hypothesis that anaphylactic shock depends upon a plugging of 
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capillaries by colloidal flocculation. Although perfusion experiments 
demonstrate that such gross capillary occlusion does not occur in the 
anaphylactic lung, yet the various items of evidence that changes in 
the colloidal state of the blood are of importance in the phenomena of 
“anaphylatoxin” intoxication make this observation of significance. 
The protective action of NaCl has usually been ascribed to its inter- 
ference with complement action, but Richet (76) attributes it to its 
action on nerve cells, and others would ascribe it to the effect onthe 
colloidal state of the cells and fluids. Thomsen (70) refers non-specific 
interference with the anaphylaxis reaction to a reduction in the speed 
of reaction between antigen and antibody, whereby a greater amount 
of antigen is found necessary to produce shock, but no explanation is 
offered as to why the speed of reaction is reduced. 


THE SPECIFICITY OF THE ANAPHYLAXIS REACTION 


If we limit the evidence on this subject, as we properly should, to 
that obtained in unquestionable typical anaphylaxis with protein 
antigens, it may be said that the anaphylaxis reaction exhibits exactly 
the same degree of specificity that we obtain with the complement 
fixation or precipitin reactions. In all cases group reactions are 
obtained when sera or extracts of tissues, etc., derived from closely 
related species, are used, and likewise, as emphasized by Magnus and 
others (20) and confirmed for the isolated uterus (by Dale, 32), increas- 
ing the antigenic doses tends to broaden the scope of the reaction. 

Experiments with such hopelessly complex mixtures as are furnished 
by serum, organ extracts, or even egg whites and milk, cannot be 
expected to yield much valuable information concerning specificity. 
A common error in the literature is the statement that the anaphylaxis 
reaction, or some other immunological reaction, is not absolutely 
specific, since slighter reactions are obtained with sera of related spe- 
cies, etc. What is not specific in such experiments is the antigen used, 
not the reaction. If the antigens are isolated proteins, purified as 
completely as possible, striking illustrations of specificity may be 
demonstrated both by sensitizing and by desensitizing with specific 
proteins. For such work the proteins from seeds and nuts seem to be 
especially useful, for commonly they represent stored proteins, appar- 
ently set apart with a small number of other proteins as compared 
with the conditions in blood and tissues; furthermore, many of them 
are crystallizable, some are soluble in alcohol, and others present strik- 
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ing solubility characteristics, so that they are especially susceptible of 
separation and purification. Of the animal proteins those that resist 
heat coagulation, such as casein and ovomucoid, or those that crystal- 
lize, of which egg albumin is the chief example (for the crystallizable 
hemoglobins are not antigenic) are the best materials. 

Working with such proteins, it has been possible to demonstrate 
conclusively that biological origin is not, per se, the thing that deter- 
mines the immunological specificity of a given protein, but its chemical 
composition. The fact that the sera or tissues of different species can 
commonly be distinguished from one another by immunological reac- 
tions, indicates therefore that as a rule the proteins of different species 
are chemically different from the proteins of other species, even when 
these proteins have similar functions and exhibit close physical and 
chemical similarities, e.g., horse serum and ox serum. But there are 
many exceptions to this rule of immunological differences between the 
proteins of different species, e.g., goat casein and cow casein show to 
a considerable degree interchangeable immunological reactions, whereas 
they show a more distinct specificity against the serum proteins of the 
same species as furnished the casein. Thus, cow milk casein can be 
differentiated even from lactalbumin of the same species more sharply 
than from casein of goat’s milk by complement fixation (Bauer), and 
cow casein and goat casein sensitize mutually to one another (72). 
A study of the proteins of hens’ eggs by the anaphylaxis reaction 
showed that five distinguishable antigens could be differentiated from 
one another, and, furthermore, that these corresponded to five different 
proteins that had been differentiated by chemical methods, namely, 
ovomucoid, ovovitellin, albumin, and two different globulins (72). 

Extended studies with milk proteins have also developed the same 
fundamental fact, that antigens which can be distinguished from one 
another by means of the anaphylaxis reaction are usually found to be 
readily distinguishable from one another by chemical means (77). 
The fact that different protein fractions of serum show stronger reac- 
tions when the same fraction is used as both sensitizing and intoxicat- 
ing doses than when different fractions are used (Dale and Hartley, 78; 
Kato, 79) probably indicates a similar relationship. 

The study of vegetable proteins also brings this out clearly, and 
furthermore indicates that we may have chemically distinct although 
similar proteins, which show corresponding distinctions and relations. 
Thus, hordein of barley is chemically similar to gliadin of wheat and 
rye, although showing sufficient chemical differences to establish it as a 
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distinct protein, but gliadin of wheat is chemically indistinguishable 
from gliadin of rye. Guinea pigs sensitized with gliadin from wheat or 
rye give strong anaphylactic reactions when injected with hordein of 
barley, but not as strong as with the homologous proteins, and the 
same results are obtained with injections in the reverse order. After 
such cross reactions, however, the recovered animals are not found to 
be desensitized to the homologous proteins, which indicates either that 
there are two or more individual proteins in the preparations of hordein 
and gliadin, one of which is common to both, or else the presence in 
gliadin and hordein of common and specific reactive groups. The 
chemical evidence is in favor of the latter conclusion. On the other 
hand, the chemically indistinguishable gliadins of rye and wheat inter- 
act against one another as if they were one and the same protein (7). 
Other examples of crossed reactions between unlike proteins have been 
observed; for example, legumin from pea renders guinea pigs as sensi- 
tive to legumin from vetch as it does to itself, and vice versa, and 
legumin from other seeds shows close immunological relation. On the 
other hand, a chemically distinguishable protein from another legu- 
minous plant, glycinin from soy bean, does not sensitize to vetch legu- 
min, or vice versa (80). The so-called natural proteoses of seeds show 
many striking illustrations of the same sort (11). 
These and other experiments have led to the conclusion that 


the entire protein molecule is not necessarily involved in the specific character 
of the anaphylaxis reaction, but this is developed by certain groups contained 
therein, and that one and the same protein molecule may contain two or more 
such groups. It may well be that the intact protein molecule is involved in the 
reaction (for there is but little evidence that anything less than an intact protein 
molecule is capable of producing the typical reaction), but that certain groups 
determine the specificity (Wells and Osborne, 81). 


Also, ‘“‘since chemically similar proteins from seeds of different 
genera react anaphylactically with one another, while chemically dis- 
similar proteins from the same seed in many cases fail to do so, we 
must conclude that the specificity of the anaphylaxis reaction depends 
upon the chemical structure of the protein molecule” (80). Corrobo- 
rative evidence has been furnished with precipitin reactions by Land- 
steiner and Lampl (82). 

As to what groupings in the protein molecule determine the spe- 
cificity, little is known. Obermayer and Pick (83) believed that the 
specificity characteristic of species was determined by the aromatic 
radicals, since iodizing or diazoting proteins removed this specificity 
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when tested by the precipitin reaction. lodized proteins tested by the 
anaphylaxis reaction, however, I have not found to have altered in 
range of specificity from the original proteins (8). 

That the anaphylaxis reaction is a less delicate means of determining 
specificity than the precipitin reaction, and especially the complement 
fixation reaction, is shown by the fact that when animals are immunized 
to hordein a serum of low antibody titer reacts only with hordein, but 
with antihordein serum of high titer both precipitin and complement 
fixation reactions are obtained with gliadin of wheat or of rye and 
passive sensitization is given with the same proteins (20). 

Probably the more general use of the uterus strip method will enhance 
the delicacy of anaphylaxis work in the future, since this offers less 
uncontrollable factors than experiments with the intact animal. A 
good illustration of this is furnished by a recent report from Dakin 
and Dale (84). Previous workers have stated that the egg proteins of 
different species of birds are not readily distinguishable by anaphylaxis 
reactions, or at least that they show a less marked specificity than 
serum (for review, see 72). Welsh and Chapman found by the precipi- 
tin reaction, using the saturation test, that antiserum for any egg 
white contains a general avian antisubstance reacting with all sorts of 
bird egg proteins, and an independent antisubstance specific for the 
species. By the anaphylaxis reaction, however, such tests as have 
been made have shown a striking absence of specificity. Dale and 
Hartley found, in preliminary experiments, that crystallized albumins 
from hen eggs and from duck eggs sensitized mutually to one another 
even with the guinea pig uterus method, but by using quantitative 
methods and by checking up with the desensitizing test, it was later 
possible for Dale to detect differences between the two. The impor- 
tance of this observation lies especially in the studies carried out by 
Dakin on the chemistry of these two albumins. When hydrolyzed, 
their amino acid content is very similar, but when the proteins are 
first racemized and then hydrolyzed it is found that there are dis- 
tinct differences in the degree of racemization of the leucine, aspartic 
acid and histidine. There being reasons for believing that the amino 
acids which escape racemization occupy the terminal positions in 
the peptid chains of which the protein molecule is built, this result 
indicates that there are at least structural or spatial differences in these 
two proteins. In other words, a close relationship by immunological 
tests is here associated with chemical similarity, and a slight difference 
in chemical structure is found which presumably accounts for a slight 
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immunological difference that can be detected only by the most sensi- 
tive methods. This point of view is quite in harmony with that devel- 
oped by Osborne and myself from our studies of the immunological 
specificity of the vegetable proteins. Although not based on the 
anaphylaxis reaction, but on precipitins, the corroborative results of 
Landsteiner and Lampe (82) may be recalled here; namely, that if one 
derivative (halogenized, azotized, etc.) of a protein reacts with another 
sort of derivative, the position in the molecule of the substituted rad- 
icals is identical or closely related. That is to say, cross reactions 
depend on chemical relationships, and the specificity is determined by 
relatively small portions of the large antigen molecule. 

The observation that the location in the molecule of definite groups 
is indicated by their immunological reactions can best be explained as 
depending on spatial correspondence of antigen and antibody, just as 
Emil Fischer assumed for the specific action of ferments in his com- 
parison to “lock and key.” Here again we get evidence that both 
chemical composition and spatial relations are concerned in deter- 
mining specificity. Presumably there are also innumerable isomeres 
that cannot be distinguished by our present methods, which correspond 
to the racial and individual differences which are so obvious and yet 
not to be detected by serum reactions. 

Contemplating the possible number of variations in the arrangement 
of the amino-acids in a protein which the great number of these radicals 
provides, there is no difficulty in understanding the existence of an 
almost limitless number of specific distinctions between proteins. 
Abderhalden, indeed, calculated that the 20 amino acids we find in 
proteins could form at least 2,432,902,008,176,640,000 different com- 
pounds, and this without including possible compounds varying in 
quantitative relations. A contribution to the chemical basis of spe- 
cificity has been made by Kossel (85), who finds certain relations in the 
proportions and groupings of the scanty number of amino-acids that 
make up the protamines and histones of sperm, to be characteristic of 
the sperm of certain species and families. 


THE RELATION OF ANAPHYLAXIS TO SERUM DISEASE, TO DRUG HYPER- 
SENSITIVENESS AND TO HAY FEVER 


At present the evidence in respect to these topics is so contradictory 
as to defy positive conclusions. In respect to certain acute serum 
reactions, such as one in which a person with “horse asthma”’ dies in a 
few moments of bronchial spasm after receiving an injection of horse 
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serum, it seems evading the obvious to attempt to interpret the occur- 
rence in any other way than as true anaphylactic shock, resulting from 
a specific antigen-antibody reaction; and as such a sensitized person 
usually exhibits also typical acute local reactions immediately after 
intracutaneous introduction of the most minute amounts of horse 
serum, or of other horse proteins as well, it seems difficult to deny, at 
least in such a case, that the cutaneous reaction of hypersensitiveness 
represents again a true specific antigen-antibody reaction, and is a 
true manifestation of anaphylaxis. Furthermore, it is sometimes pos- 
sible to desensitize a person to the protein to which he is sensitive, 
removing both the systemic and cutaneous reactivity. 

A particularly interesting demonstration by means of passive sensi- 
tization from man to man, of the true antigen-antibody nature of horse 
asthma and the specific skin reaction accompanying it, has been 
described by Ramirez (86). A man who had never had asthma, hay 
fever, urticaria, or any similar condition, received a transfusion of 600 
cc. of blood from a man with typical horse asthma, who gave a cutane- 
ous reaction to horse dandruff in 1-50,000 dilution. Two weeks later 
the transfused patient went for a carriage ride and within five minutes 
had a typical attack of asthma, which recurred when he again went 
into the park, and a skin test gave a positive reaction to horse dandruff 
diluted 1-20,000 but not to any of numerous other proteins. Also we 
have the passive transfer of sensitivity to milk when the blood of 
infants with exudative diathesis is injected into guinea pigs (Schlutz 
and Larson, 74). 

But as soon as we leave such cases as these, and consider ordinary 
serum sickness with its cutaneous manifestations and other symptoms 
which follow at an uncertain period of time after a serum injection, 
often when this is the first injection of such a serum, the resemblance to 
anaphylaxis is much less distinct. Coca seems to have little hesitation 
in eliminating serum sickness entirely from the category of anaphy- 
laxis reactions, laying particular emphasis upon the many points serum 
disease has in common with drug hypersensitiveness, which he believes 
cannot possibly be true anaphylaxis. He says “‘serum allergy exhibits 
no peculiarity that can serve as a criterion of separation of. this condi- 
tion from that of drug allergy’and there is, thus, no occasion offered by 
the manifestation of serum allergy to seek an underlying mechanism 
that would be different from that operative in drug allergy, that is, 
one dependent on an antibody-antigen reaction.’”’ Hence he eliminates 
from the domain of anaphylaxis all the conditions manifested by cutane- 
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ous hypersensitivity, including the tuberculin reaction, hay fever, 
food and drug idiosyncracies, etc. 

Kolmer (87), on the other hand, in his review on the cutaneous 
reactions, states that there are true anaphylactic skin reactions, ‘‘due 
to the interaction of a specific anaphylactic antibody and specific ana- 
phylactogen largely within or without the cells, and with the formation 
of diffusible irritant capable of producing acute hyperemia, edema and 
leucocytic infiltration of the skin.’”” He thus accepts the theory of 
local anaphylaxis depending on the formation of a poison by cellular 
reactions to foreign proteins introduced into the skin. 

The relationship of the cutaneous manifestations of serum disease 
to anaphylaxis is especially well supported by the studies of C. W. 
Wells (88) on the precipitin content of the blood of patients who have 
received diphtheria antitoxin, for he found that in several persons who 
developed such manifestations the precipitin titer fell to rise again 
when the rash faded, as if the precipitin had been bound in the skin 
and thus caused a local anaphylactic reaction. Also, Weil (31) observed 
in human serum sickness a fall in blood pressure and a decrease in the 
coagulability of the blood (89), thus adding to the resemblance of this 
condition to true anaphylactic reactions. 

However, among other facts that seem to separate cutaneous hyper- 
sensitiveness from systemic anaphylaxis, are the results described by 
Krause (90) in his studies on The Nature of Resistance to Tuberculosis. 
He states that whereas, as shown by Baldwin, it is easily possible to 
sensitize guinea pigs to tuberculo-protein so that they will give typical 
systemic anaphylactic reactions, such sensitized animals do not show 
cutaneous hypersensitiveness to tuberculo-protein, nor are they pro- 
tected against infection with the tubercle bacillus. Skin sensitiveness 
can only be obtained by producing an actual tuberculous infection 
somewhere in the animal and when this tissue reactivity has developed 
it is found that the animal has the power to produce acute inflamma- 
tory reactions about injected tubercle bacilli, whereby its resistance 
is enhanced. Fleischner, Meyer and Shaw (91) have corroborated 
this and find that it is equally true for typhoid bacilli and B. abortus. 
Guinea pigs may be highly immunized with the dead bacilli or extracts 
therefrom, so that their blood has a high agglutinin content, or anaphy- 
lactic sensitization may be produced, and yet no cutaneous sensitivity 
can be shown; .but guinea pigs infected with living bacteria give posi- 
tive skin tests. 
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In support of the view that ordinary serum sickness following injec- 
tion of foreign sera is not a true anaphylactic reaction, but is rather 
the result of a primary serum toxicity, may be cited the observation of 
Kraus (92) that bovine serum seldom causes serum sickness in man as 
compared with its frequency after horse serum. However, it is pos- 
sible that man, using beef protein as a usual article of diet, may develop 
an actual immunity to beef proteins, as I found guinea pigs to do with 
the proteins forming the chief elements of their diet. 

As to hay fever, Coca, who at one time described it as “‘a clinical 
expression of a local hypersensitiveness,’”’ the view most generally 
held, has been compelled by the evidence more recently developed, to 
take the opposite view and is now convinced that hay fever is not the 
result of a protein sensitization. He is satisfied to accept its hereditary 
character as an adequate explanation, although this does not in any 
way clear up the pathogenesis of the condition. The many observa- 
tions of successful desensitization by repeated injection of pollen pro- 
teins is an outstanding fact which surely establishes a relation to ana- 
phylactic sensitization, as also the close relationship to the many 
forms of asthma that are accompanied by skin hypersensitivity to the 
same proteins that are responsible for the asthma, and in which desen- 
sitization may be obtained by injection of the specific exciting protein. 
On the other hand, desensitization is accomplished by no means so 
readily or so surely as in typical anaphylaxis, and even marked sys- 
temic reactions produced by relatively large desensitizing doses of 
pollen may fail to desensitize (Rackemann, 93). An additional point, 
of which much is made in discussing the relation of hay fever to true 
anaphylaxis, is that it is usually impossible to confer passive hyper- 
sensitivity for pollen to guinea pigs by injecting them with the serum 
of patients with hay fever, but this negative fact seems of little signifi- 
cance if we consider that even the serum of guinea pigs highly sensi- 
tized to a foreign protein usually contains too few free antibodies to 
confer passive sensitization to other guinea pigs. The cells of a man 
may well be highly sensitized to a foreign protein without there being 
free antibodies in his blood to produce passive sensitization. 

A new feature of local reactions has recently been brought to light 
by Auer (97), which may throw light on some of the manifestations of 
cutaneous hypersensitivity. Observing that operation wounds made 
in sensitized dogs at the time of reinjection showed a marked inflam- 
matory reaction with a brawny edema, the suggestion was followed up, 
and the following facts were observed. If the ear of a normal rabbit 
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is rubbed gently with xylol there occurs a moderate inflammatory 
reaction which disappears in a short time without serious injury to the 
skin. The effects are quite the same in a rabbit that has been sensi- 
tized to a foreign protein, but in rabbits that have been sensitized 
and then reinjected with the same protein the xylol commonly pro- 
duces a violent reaction, with exfoliative dermatitis followed by dry 
gangrene of the tips of the ears. The explanation of this striking 
effect seems to be simple. The slight inflammation produced by the 
xylol leads to a certain amount of inflammatory exudate. In the 
sensitized animals which have been recently re-injected with the 
sensitizing protein the blood contains more or less free antigen, which 
is poured out into the tissues with the exudate. Here it produces a 
local reaction with the sensitized tissues quite the same as if it had 
been locally injected, resulting in the usual local reaction seen in sen- 
sitized animals. Presumably similar effects could occur in any other 
tissue or organ. The importance of this observation lies in the recog- 
nition of a hitherto unappreciated mechanism by which anaphylactic 
reactions may be caused under certain conditions, by substances which 
themselves do not produce anaphylaxis. Conceivably, sensitized per- 
sons at times have free antigen in their blood, especially in cases of 
food sensitization, and if this is so, injury to any tissue or organ might 
possibly determine local anaphylactic reactions in these places. 
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PHOTO-ELECTRIC CURRENTS IN THE EYE 
CHARLES SHEARD 
Southbridge, Massachusetts 


The effect of the stimulus of light on the retina is perceived by the 
brain as a visual sensation. The process or processes by which the 
ether-wave disturbance causes this visual impulse is still very obscure. 
As a matter of fact the whole of the field of photo-chemical action is 
still in its infancy. The process of making an ordinary negative by 
exposing a dry plate in a camera to light and the manner of developing 
and fixing such a plate are mechanically easy of accomplishment. But 
ever since the discovery that an invisible light effect could be developed 
into a strong image by the application of suitable reducing agents, the 
constitution of the invisible or so-called latent image has been the 
subject of study and controversy and no wholly satisfactory explanation 
of the effects of radiation upon silver salts has been presented. 

The process by which the ether disturbance causes a visual impulse 
may be ascribed to a, chemical action, b, molecular strain and c, 
electrical action. 

According to the chemical theory it is presumed that certain visual 
substances (or possibly substance) in the retina are affected by light and 
that vision originates from metabolic changes produced in these visual 
substances. It is supposed that the metabolic changes consist of two 
phases; the upward, constructive or anabolic phase, and the downward, 
destructive or katabolic change. These anabolic and katabolic changes 
in various visual substances are supposed to produce the variations of 
sensation of light and color. This theory is complex. Numerous ob- 
jections have been urged against its acceptance; for it is difficult, for 
instance, to see how this very rapid visual process can be due to a com- 
paratively slow chemical action consisting of the destructive breaking- 
down of the substance followed by its renovation. Support was at 
first furnished the chemical theory as it has ordinarily been understood 
and presented by the bleaching action of light on the visual purple 
present in the retina, but it has been discovered that the presence or 
absence of visual purple is not essential to vision and that its pres- 
ence is of only secondary importance. For it is well known that the 
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visual purple is lacking in the fovea centralis and it is also found to be 
completely absent from the retinae of many animals possessing keen 


sight. Edridge-Green (1) states his belief as to the nature of retinal 
stimulation in the following words: 


A ray of light impinging upon the retina liberates the visual purple from the 
rods and a photograph is formed. The rods are concerned only with the convey- 
ance of the light impulses to the brain. The ends of the cones are stimulated 
through the photo-chemical decomposition of the visual purple by light, and a 
visual impulse is set up which is conveyed through the optic nerve fibres to the 
brain. The character of the stimulus and impulse differs according to the wave- 
length of the light causing it. In the impulse itself we have the physiological 


basis of the sensation of light and in the quality of the impulse the physiological 
basis of the sensation of color. 


The mechanical theory depends, in large measure, upon the theory of 
resonance in connection with chemical action. It is readily conceivable 
that a ray of light can cause a chemical decomposition of a substance 
in which the rhythmic excursions of an atom or atoms from, or round 
about, the center of attraction in a molecule are in exact tune with the 
waves of light falling on such atoms. The excursions may be so in- 
creased in extent by the rhythmic energy supplied by the light waves 
that the atoms will leave the parent molecules and produce new mol- 
ecules. It is not as easy to see why the rhythmic excursions of atoms 
in the same molecule are also increased to the point of molecular rupture 
when the wave-motion of the impinging rays is not in tune or nearly so. 
But some photographic and mechanical examples help us out. For if a 
sensitive salt, such as silver chloride, is exposed to the action of the 
spectrum, we can plot a curve showing the sensitiveness of this par- 
ticular salt to the different spectral rays. Such a plotted curve 
shows a rise in sensitiveness to a maximum followed by a decline; the 
maximum of such curves shows the place in the spectrum where the 
vibrations composing the beam of light are in tune with the vibrations 
of the chlorine atom in silver chloride, for example, the chlorine being 
that part of the molecule which is swung away and annexed to some 
other adjacent molecule. We also have mechanical examples of the 
effects produced by vibrations which are not in tune with, but which 
act upon, a vibrating body. A simple apparatus consists of two dif- 
ferent pendulums which can act upon one another through a proper 
communicating medium; such would occur, for example, when the 
pendulums are connected to a taut piece of rubber tubing fastened hori- 
zontally. When the pendulums are of equal length and one is started 
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into motion, the second one also begins to swing and, since it is in tune, 
the amplitude constantly increases. But if one pendulum is a little 
longer or shorter than the other, experimentation shows that one pen- 
dulum causes the second one to swing with increasing amplitude and 
by degrees the two will swing in opposite directions; the amplitude of 
the first pendulum will decrease and finally come to rest, when the 
motion starts over again as at first. Thus, if the mechanical analogy 
is applicable here, it is seen that if the waves causing a ray of light are 
out of tune with the vibrations of the atoms the amplitude will still be 
increased and the increase can be such as to swing the atom beyond the 
sphere of molecular attraction and so decompose the molecule but with 
less ease than when the waves are in tune. Houstoun (2) has lately 
attempted another explanation of color theory on the basis of the visi- 
bility curve of the eye. He believes that the visibility curve is ex- 
plicable on the supposition that there exists in the eye a very large 
number of vibrators with a free period in the green and that these 
execute forced vibrations under the influence of the light wave, and that 
the amplitude of the forced vibration is a maximum when the free 
period of the vibrators coincides with the period of the incident light. 
When the energy of the vibrator reaches a critical value, the force 
attaching the vibrator to its center snaps, the latter then ceases to 
absorb light energy and a chemical change takes place. 

We have written of the resonance theory as a correlation and inter- 
action between radiant energy and the atom of the molecule and have 
thus followed and outlined the theory as it is generally presented. 
However, in the light of modern physics, we should presumably have 
written of resonance and electrons. In fact, the essential points in 
the mechanical theory of retinal stimulation as consisting of resonance 
effects coupled with chemical action fit in with many of the physical 
phenomena known as photo-electric actions. This term includes phe- 
nomena due to the action of light in liberating negative electrons from 
various metallic substances. It is known, for example, that there is a 
considerable influence of the wave-length or frequency of the light 
upon the number of electrons omitted and that curves plotted between 
frequency and rates of ‘“‘leak’’ of negative electricity from metals such 
as sodium, potassium and rubidium show maximum or resonance 
effects. Likewise, salts which undergo decomposition in the light, 
such as silver chloride, are strongly photo-electric. We are, therefore, 
presumably dealing under the tenets presented to us in this theory 
with the expulsion of electrons due to resonance; the electrons are set in 
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resonant vibration by the incident light and acquire sufficient velocity 
to enable them to escape from the atom. In the case of photo-electric 
effects from metals it has been possible to identify the valency elec- 
trons which play the part of chemical bonds with the photo-electric 
electrons which can be liberated by the action of light. From this 
point of view a photo-electric change and a photo-chemical change 
may be regarded as of the same character, consisting essentially in the 
displacement or separation of an electron through the absorption of 
energy from a light wave. We may thus have two kinds of photo- 
chemical action. In a primary or direct action the same valency elec- 
tron which has absorbed the energy is itself released from its connection 
with a strange atom, whilst in a secondary or indirect action the elec- 
tron which has absorbed the energy causes by collision the separation 
of an electron from an atom. We may interpret some of the results 
obtained by Gotch (3), (4) in the light of these facts. From the view- 
point of modern science we may regard it as fairly certain that the 
first stage in any photo-chemical reaction consists in the separation of 
negative electrons under the influence of light. It is obvious that 
absorption of light is necessary before any change can be brought about. 
According to the theory of Grotthus (5) we may say that “the action 
of a ray of light is analogous to that of a voltaic cell: that is, the 
chemical action of light is essentially electrolytic in nature. 

These various fundamental concepts have been presented for the 
reason that there are various data afforded by the experimental results 
to be discussed further on in this paper which are in accord with cer- 
tain of the principles underlying both the chemical and mechanical 
theories. 

Hence the electrical theory supposes that the visual impulse is the 
concomitant of an electrical impulse; that an electrical current is gener- 
ated in the retina under the influence of light and that this is trans- 
mitted to the brain through the optic nerve. It is an undoubted fact. 
that light gives rise to retinal currents and that, on the other hand, an 
electrical current suitably applied causes the sensation of light. Holm- 
gren, Dewar, M’Kendrick, Kiihne, Steiner, Waller and others have 
shown that illumination produces electric variation in a freshly excised 
eye. The currents are very small in value, hence a very sensitive and 
suitable galvanometer must be used. Currents of injury or contact 
differences of potential arise when the galvanometer terminals are con- 
nected to the cornea and the cut end of the nerve respectively; these 
may be compensated by means of a potentiometer device. Normally 
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the current of response is from the nerve to the retina: hence these cur- 
rents have been designated as positive when flowing from the retina to 
the cornea. 


GENERAL EXPERIMENTAL PROCEDURE 
The general experimental method adopted in investigations on the 
retinal currents due to light stimuli is illustrated in figures 1 (a) and 


1 (b). Contacts are made with the galvanometer, G, through non- 
polarizing electrodes with the cornea of the enucleated eye on the one 
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Fig. 1 (a). Detailed diagram of compensating potential device 
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Fig. 1 (b). A satisfactory ensemble for experimental work 


side and at the cut optic nerve on the other end. When an excised 
eyeball is connected up through non-polarizable electrodes in the 
manner indicated, a current of injury is found which must be compen- 
sated for: one method is diagrammed in figure 1 (a). This is not, 
however, the best method experimentally in that the eyeball only is 
included rather than having both eyeball and galvanometer in the com- 
pensating system. A constant voltage cell may be short-circuited 
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through a high resistance, R, from which any desired potential differ- 
ence may be tapped off and applied in such a direction (by proper con- 
nection of the terminal points of the battery to the eyeball) as to bring the 
galvanometer reading back to its initial zero point, thus compensating 
for the effect known as the current of injury. In this manner, provided 
the compensating electromotive force demanded does not vary with 
time, the effects obtained through illumination are genuine and are not 
complicated by injury-effect currents or similar phenomena. 

The schematic arrangement of apparatus used in 1918 by Sheard and 
McPeek (6) is shown in figure 1 (b). The source of light, S, was a car- 
bon are, hand feed, supplied by an alternating current dynamo, D. 
The quartz lens system, L,, threw the light upon a slit and thence toa . 
lens, Le, and a prism, P, carrying on one face a grating replica. A con- 
tinuous spectrum was formed upon a cardboard screen marked into 
wave-lengths and represented by R, Y, G, B, in figure 1 (b). The spec- 
trum projection apparatus, which was fastened to a single supporting 
base, was turned so as to allow the eye to be exposed to any desired 
portion of the spectrum. 

All eyes used should be freshly excised, otherwise they will give re- 
sponses characteristic of what Waller (7) calls transitional changes. 
Likewise these eyes must not be kept for any length of time in Ringer’s 
or similar solution, since they lose their sensitiveness of response. 
Great care is needed to prevent mechanical pressure or other injury 
to the eye to be used, otherwise responses which are not characteristic 
of the normal eye will exist. 

Various types of galvanometer may be used. They must be 
extremely sensitive, however. Galvanometers of the d’Arsonval or 
Thomson type should have sensibilities of the order of 10-* to 107° 
ampere. Gotch (3), (4) used a capillary electrometer which recorded 
the rapid alternations of current present in the responses of the eye. 
By this means the responses obtained and effects produced in small 
fractions of a second may be investigated; hence such a device is particu- 
larly suitable for investigating the lag of response behind luminous 
stimulus. Einthoven and Jolly (8) made use of a string galvanometer, 
which serves essentially the same purpose as the capillary electrometer. 


GENERAL SURVEY OF EXPERIMENTATION AND RESEARCH 


Holmgren (9) is accredited with the discovery that when light is 
allowed to fall upon the eye of a frog which has been kept in the dark 
and again when the light is removed, there is an increase in the posi- 
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tive direction of the current present during darkness. He found that 
the strength of these retinal currents is, within limits, proportional 
to the intensity of the light; also, that the onset and removal of light is 
attended with the same electrical changes when the posterior half of 
the eyeball only is illuminated. 

Independently of Holmgren and at about the same time, Dewar 
and M’Kendrick (10) made investigations upon the electrical changes 
caused in retinae by light. The conclusions to which they arrived are: 
a, That the impact of light on the eyes of members of the following 
groups of animals, viz., mammalia, aves, reptilia, amphibia, pisces and 
crustacea, produces a variation amounting to from 3 to 10 per cent of 
the normal electromotive force existing between the corneal surface 
and the transverse section of the nerve; b, that this electrical alteration 
may be traced to the brain; c, that those rays which we regard as most 
luminous produce the largest variation; d, that the alteration of the 
electrical effects with varying luminous intensity seems to follow very 
closely ratios given by the psycho-physical law of Fechner; e, that the 
electrical alteration is due to the action of light on the retinal structure 
itself, as it is independent of the anterior portion of the eye, eliminating, 
therefore, the natural supposition that the contraction of the iris might 
produce such a result; and f, that it is possible by experiment to dis- 
cover the physical expression of what is usually called in physiological 
terminology, fatigue. 

Kiihne and Steiner (11) investigated chiefly the reactions of the iso- 
lated retina. They found that the electrical change on lighting and 
darkening is a complex one. The reaction is divisible, they say, into 
two parts; the first one, due to the onset and continuance of illumina- 
tion, consists of a negative variation preceded by a positive;and the 
second, caused by the disappearance of light, consists of a simple posi- 
tive variation. No current was obtained from the posterior half of the 
eyeball from which the retina had been removed, the pigment layer 
being left behind. Hence the pigment epithelium possesses no electro- 
motive force or power and the source of the changes is in the retina. 

Waller (7), whose brochure on The Signs of Life is most fascinating, 
carried out a number of important researches in this field of investi- 
gation. A series of photograms of responses to light in the frog’s retina 
is given in figure 2. These maxima represent five normal responses 
due to a candle at 2 feet with illumination for one minute and obscurity 
for two minutes respectively. The abscissae represent the time in 
minutes and the ordinates the absolute electromotive forces. These 
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results indicate rapid rises in electromotive force under illumination 
together with less rapid recovery. 

The main conclusions to which Waller (12) arrived in his work are: 
a, A fresh normal eyeball manifests a positive current which gradu- 
ally declines to zero and becomes reversed. By positive current Waller 
refers to the current of response due to the action of light on the retina 
which is from the nerve—that which is not directly stimulated by light 
—to the retina; that is, from the less excited to the more excited. 
b, On exposure to light the normal current, whether positive or negative, 
undergoes a positive variation. c, The magnitude of the response to 
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Fig. 2. A series of responses with a frog’s eyeball. (After Waller) 


light increases with the duration of illumination. d, The magnitude 
of the response to light increases with the strength of illumination. 


e, Colored lights act in the same direction and in accordance with their 
luminosity. 


TYPICAL RESPONSES. TRANSIENT RISES OF CURRENT. LAG OF RESPONSE 


A considerable portion of that which is to be presented in the next few 
paragraphs is due primarily to Waller. The conclusions are rather 
important and some of them far-reaching. 

Typical responses. Figure 2 shows that, during the exposure of the 
eye to light, there is a current flowing from the fundus toward the cor- 
nea and, in the case illustrated, there is developed a potential of the 
order of yeoy volt. On cessation of the light the response falls off 
asymptomatically to the value of about ros}yy volt. It will be noticed 
that there is evidently not a full recovery since there is a constantly 
rising minimum value at the end of each 2-minute period of darkness. 

Transient rises of current. Another phenomenon observed by Kihne 
and Steiner and verified by Waller is that, immediately on the stoppage 
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of light, there is often a sudden increase in retinal current before the 
usual recovery takes place. These are spoken of as transient positive 
augmentation effects. An inspection of the results obtained shows that, 
on illumination, the response-curve rises, that continued illumination 
produces a decline, and that on the cessation of light there is a transient 
rise of current. 

Lag of response. Furthermore, Waller found a considerable interval 
of time between the incidence of light and the electrical response; some- 
times the delay at ‘‘make’’ of light might be so great as to be measur- 
able with a stop-watch. Several records given by Waller show that 
there is a retinal delay at both the beginning and at the end of illu- 
mination of the order of § second. Dewar and M’Kendrick (10) and 
still later Fuchs (13) give a period of latency as short as +49 second. 
In a later paragraph we shall consider the results of Gotch (3), (4): 
suffice it to say that he found the delay in response to be of the order 
of 5 second, in agreement: practically with the results of Waller. 
Waller (7) writes: 


The shortest intervals I have measured have been of about 4 second, no differ- 
ence being detectable between the make and the break deflections in this respect. 
These values have been obtained from galvanometer records and are subject to a 
correction by reason of the physical lost-time of the suspended magnets and 
mirrors. With the capillary electrometer, which has no appreciable lost-time, 
the latency comes out at about 0.15 second—still a very considerable delay and 
indicative of a rather surprising physiological inertia of the retinal organ. 


Three types of response. Three types of response to light are differ- 
entiated by Waller (7). 

I. Positive response of the first type, characteristic of the normal 
fresh uninjured eyeball. 

II. Mixed responses, characteristic of transitional states between I 
and II. 

III. Negative responses of the third type, characteristic of the com- 
pressed or partially injured eyeball. 

In the first or normal type, the response is a positive one, proceeding 
quite rapidly at first to a final “saturation” value, similar to the results 
shown in figure 2. In class II, on the stimulation by light there is an 
initial positive response, followed by a rapid falling off to decided nega- 
tive potential values, which is in turn followed by positive currents 
on the cessation of light. In the reversed or third type, the stimulus 
of light gives an immediate negative electromotive effect. Waller dis- 
covered that the principal factor in bringing about that state of eyeball 
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in which the response to light is purely negative, is a moderate com- 
pression or shrinking by drying of its retinal coats. Gentle massage 
of the eyeball will cause a gradual conversion from type I to type II. 

Source and character of the electromotive forces. Furthermore, all the 
experimental facts obtained, viz., the transitional responses from posi- 
tive to negative, the immediate conversion from positive to negative by 
massage, the initial period of hesitation and the latency of response at 
“break,” point to the conclusion that the retina when exposed to light 
is the seat of two contrary electromotive changes. In commenting on 
these effects Waller (7) writes: 


I think that anyone who has witnessed a great number of experiments of this 
character and who has carefully inspected a large number of records such as those 
figured above, will be forced to the conclusion that the normal positive response 
is the algebraic sum of two opposite and almost synchronous electromotive phe- 
nomena, one giving a positive current that over-compensates, the other giving 
negative current; the first more labile than the second, so that by gentle compres- 
sion it may, so to say, be wiped out and the second be thus unmasked. A careful 
scrutiny of the manner in which the normal positive response begins and ends 
confirms this view, and at the same time offers to us a plausible explanation of 
what has been referred to as the ‘parting bow.’’ If during the exposure to light 
there is a tug-of-war between positive and negative current, with predominance 
of the former, and if at the end of exposure both currents should cease, but the 
negative cease more rapidly than the positive, then we should witness what actu- 
ally does happen, viz., a short movement in the positive direction preceding the 
return to a state of rest. And finally, on turning back to the nicer examination 
of the rising effect at the outset of exposure, we find another sign of an opposition 
between two contrary and all but synchronously developing currents. There is 
often at this point a false latent period, or period of hesitation, perceptible on 
simple observation or, better still, by means of records where the beginning of an 
exposure has been mechanically signalled, amounting to several seconds, and 
intelligible only on the supposition that our galvanometric magnet is, so to say, 
trembling in the balance between two opposite and almost perfectly congruent 
forces. . . . All these facts—viz., the transitional responses from positive 
to negative, the immediate conversion from positive to negative by compression, 
the initial period of hesitation, the terminal ‘‘parting bow’’—point to one and 
the same conclusion, viz., that the retina, when exposed to light, is the seat of 
two contrary electromotive changes. And it matters little whether you imagine 
two single processes or one double process behind the movements of the 
machinery. 


Cause and effect. The cause/effect relationship between stimulation 
by light and retinal change has been investigated by Holmgren (9), 
Dewar and M’Kendrick (10) and Waller (12). Waller used a light of 
suitable strength, varied on an arithmetic scale constructed in con- 
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formity with the law that luminosity varies inversely as the distance 
squared. He found that the curve showing the relationship between 
the units of excitation as abscissae and the voltages of response as 
ordinates was concave to the abscissa: Such a relationship is in con- 
formity with almost every series of observations we are able to carry 
out on living matter. Muscular contraction and the negative variation 
of a nerve-current give the same general type of curve. It is apparently 
a general law that the response of living matter to the excitation 
of its environment increases by diminishing increments, giving a 
cause/effect curve that is concave toward its abscissa. 

Effects of tetanization. Waller (12) also investigated the effects and 
after-effects of tetanization upon the eyeball as well as the influence of 
tetanization upon its electrical responses to light. This gave rise to his 
work on so-called “blaze currents.”’ Tetanizing currents were produced 
by a small induction coil, the secondary of which was in circuit with the 
galvanometer and eye. A marked increase in electrical response to 
light was found after tetanization. This marked augmentation of 
response as to current may be due to augmentation of voltage or of con- 
ductivity or to both factors. Waller believes that it is due to both 
factors, the electromotive force of the response being increased and the 
resistance of the eyeball being decreased. Marked effects not only 
follow after tetanization but a similar effect occurs during this procedure. 

Anesthetics and retino-motor effects. Engelmann and Grijns (14) 
thoroughly investigated the retino-motor effects of anesthetics upon 
retinal currents. It was found that ordinary anesthetics—carbon 
dioxide, ether and chloroform—influence the electrical response of the 
retina to light as might be expected from a consideration of the physio- 
logical character and conditions of the response and the relative power 
of the anesthetic used. Using an enucleated eyeball, the layer to be 
anesthetized is comparatively well protected by the sclerotic coat, and 
the effects of an anesthetic vapor are obstructed if only because its 
access to the retina is obstructed. However, the characteristic effects 
of the three anesthetics are produced although more slowly than in the 
ease of an isolated nerve. Carbon dioxide gives diminution followed 
by an augmentation of the response. Ether gives temporary diminu- 
tion or abolition of the response, followed ordinarily by perfect recovery. 
Chloroform gives abolition of the response and when once this abolition 
occurs it is usually final. 

These effects as studied by Engelmann and Grijns are of interest in 
two particulars, as pointed out by Waller (7). They indicate the pos- 
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sible existence of efferent fibers in that most typical afferent nerve, the 
optic nerve. Also they afford some answers us to whether these electri- 
cal changes belong to altered pigment or retracted cones or both phe- 
nomena. Engelmann’s observations indicate that the retraction of the 
cones and an electrical effect can be produced in one eye by electrical 


excitation of the peripheral end of its optic nerve, or of the central 
end of the other optic nerve. 


LATER EXPERIMENTATION 


Gotch (3), (4) experimented with frogs’ eyes and made use of a capil- 
lary electrometer which recorded the rapid alterations of current pres- 
ent in the retinal responses. In particular, he investigated the time 
relations of the photo-electric changes. Especially does he refer to 
the researches of Fuchs (13) in that the delay between illumination 
and eyeball effect is of the order of a few thousandths of a second. 
The method employed by Fuchs, although valuable for nerve and 
muscle, is singularly inappropriate for the investigation of retinal 
effects. Fuchs used a sparking rheotome, the period of time of which 
was such as to be of service with muscle and nerve but far too rapid 
for photo-electri¢ effects. | 

Professor Gotch (3) concludes in his paper of 1903 that: 1, The curves 
show for the first time the character of the time relations. These com- 
prise: a, a period of delay before the change due to illumination occurs, 
varying slightly with the temperature, but at 16°C. lasting on an aver- 
age 0.17 to 0.18 second; b, a period of development lasting until from 
0.6 to 0.8 second with persistent illumination, and reaching a maximum 
varying from 0.0004 volt to 0.001 volt; c, a period of subsidence to a 
certain sustained level; d, a second period of development when the 
light ceases commencing 0.15 to 0.17 second after the cessation and 
developing more rapidly than the initial rise due to the onset of light; 
e, a period of continued slow subsidence of the terminal effect during: 
the darkness which succeeds the illumination. 2, The photo-electric 
effect of a flash of light develops more slowly and attains a much 
lower maximum than that produced by sustained illumination. 3, 
The effect of the cessation of light is largely determined by the duration 
of the previous exposure. When the duration is optimum for the 
particular eyeball employed, the effect produced by light cessation is 
far more pronounced than any change caused by illumination. 4, The 
favorable condition for obtaining an effect upon sudden illumination is 
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previous darkness. 5, The photo-electric changes are all of the same 
general type, giving rise to monophasic effects and appear to be mainly 
if not entirely due to processes occurring in the posterior part of the 
eyeball, presumably the retinal and pigmentary layers. 6, The results 
appear to indicate the localization of two photo-chemical substances in 
the posterior half of the eyeball, these being a substance reacting to 
light and a substance reacting to darkness. Each reaction is a change 
of the same type, but the substances must undergo phases of metabolism 
under conditions opposite to those which evoke the reaction effects. 

In the second paper of 1904 Gotch (4) summarizes his work as follows: 
1, These photo-electric responses fail or become extremely feeble if the 
eyeball is placed in the infra-red or ultra—violet regions of the spec- 
trum. 2, The range of light vibrations within which the frog's eyeball 
gives definite photo-electric responses corresponds very closely to the 
range of vision in the case of our own color sensations. 3, All responses 
are of the same general type, whether they are evoked by white or by 
colored light. 4, An additional response is obtained when the light is 
suddenly replaced by darkness; this is of the same fundamental type as 
the illumination response. 5, There is no evidence of any excitatory 
process except those of the fundamental type. 6, The time-relations 
of the responses evoked by the various colored lights and by darkness 
are not identical. 7, There are four responses independent as regards 
their causation: a, the response to red light characterized by a long 
latency nearly ;°5 second and by its attaining a considerable maximum 
averaging about 0.0004 volt; b, the response to green light character- 
ized by the same short latency as that found in the response to white 
light; it is also characterized by its maximum averaging 0.0005 volt; 
c, the response to violet light characterized by a latency longer than 
that of the green response but distinctly shorter than that of the red; 
it has low intensity, the’ maximum reached averaging only 0.00024 
volt; d, the response to sudden darkness, characterized by a remark- 
able constant latency of not more than ;°5 second. 8, The results appear 
to be in accordance with the theory of Young-Helmholtz as modified 
lby Maxwell; in addition they appear to indicate that the eye reacts 
to sudden darkness. 9, Furthermore, the latent period of the photo- 
electric reaction is in a high degree dependent upon the intensity of the 
stimulus. With strong stimuli it is of the order of 0.01 second, while 
with very weak stimuli it may be lengthened to more than 2 seconds. 
‘These values are in agreement with the latent periods of light perception 
in the human eye. 
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Other important researches, in a general way confirmatory of certain 
of the conclusions previously arrived at, have been made by Fuchs (13), 
deHaas (15), Piper (16), Ishihara (17), Briicke and Garten (18). The 
latest paper of which the writer has any knowledge (although the 
paper is not at hand in preparing this article) is by Reidel (19). He 
measured the photo-electrical changes in the eye of the lobster and found 
continued positive deviation in the light-adapted eye and a steep posi- 
tive initial deviation with quick falling off in the dark-adapted eye. 
These effects are in accordance with what we should expect if the 
retinal currents are at all analogous to photo-electric currents from 
metal surfaces or the discharge of electrons from any surface. For the 
light-adapted eye would have reached the condition of slow change with 
time in which the processes of ionization and recombination would be 
comparable. In the case of the dark-adapted eye, however, a rapid 
decay of current with time would be expected, since the amount of 
substance or substances easily ionizable would be appreciable but 
would be used up very rapidly. 

Sheard and McPeek (6) have investigated in some detail the char- 
acter of the photo-electric reactions to light stimuli of different wave- 
lengths as well as to the forms of the retinal current-time responses 
produced by seriatim exposure of light stimuli of different wave-lengths. 

The form of the photo-electric reactions to the initial light stimuli of 
different wave-lengths. A freshly excised dog eye was taken and, after 
preliminary arrangements; was initially exposed to a region of the 
spectrum such that 5900 (sodium line) fell upon the center of the 
pupil. The total time of exposure was 4minutes. The plotted results 
are shown in figure 3. The difference between the initial electromotive 
force (just before exposure, which was zero) and the final zero or reading 
after 4 minutes is +10 divisions or +0.0016 volt. The eye was then 
screened from the radiation but the process apparently continued such 
that in the end the final reading after 6 minutes of darkness was 30 divi- 
sions above the initial zero or +0.0048 volt. The lines drawn through 
the A, B, C, ete., and the minimum points D, E, H, etc., are parallel 
and show the gradual rise, from the fiducial or arbitrary balance point, 
of the potenial difference under exposure to the yellow (sodium light) 
region of the spectrum. This would indicate the constant growth of a 
positive electromotive force independent of the superposed maximum 
responses. 

In contradistinction to these results obtained with 5900, figure 4 
shows the form of responses and potential differences when another 
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freshly excised eye was initially exposed for 43 minutes to the violet 
4310. The color represented by this wave-length is roughly comple- 
mentary to that of 5900, the effects of which have been described in 
conjunction with figure 3. The maximum value of the electrical re- 
sponse to \4310 (at center of pupil) taken at any point during the first 
2 or 3 minutes as judged with respect to its own minimum is practically 
—0.0024 volt. The difference between the initial electromotive foree— 
which was zero under the compensating potential device—and the 
final reading after 4 minutes’ exposure was practically —0.0024 volt. 
The eye was then screened from radiation and the end reading (after 6 












































Shoo Al ,oos: 
Gg eee s | +0028 

Tf = 
+B is _» | +0024 
Atala _ MALIN TU cee 
Leer eee i = 3 +O0l6 


























—l+po0? 






































a) E ee —___|+0004, 
| 
CU Ur 
Qeconds. 


Fig. 3. Potential-time curve due to stimulation by \5900 


minutes’ rest) obtained, indicating a total difference between the initial 
and the end reading (over the whole period of time) of --0.0019 volt. 
This is less than the general indicated difference, up to 3 minutes’ ex- 
posure, of —0.0024 volt. However, the concluding portion (from 
abscissa 180 to 270 seconds) shows a tendency for the contrary or oppo- 
site electrical effect (?) to exert itself more pronouncedly. The lines 
drawn through the points A, B, C and the maximum, electrically con- 
sidered, points D, E and F are parallel and show a gradual fall from the 
arbitrary balance starting point under exposure to \4300. This would 
indicate the growth of a negative electromotive force independent of the 
superinduced fluctuations giving rise to maxima and minima. 











PHOTO-ELECTRIC CURRENTS IN THE EYE 99 


In the case of exposure to 5890 the fluctuations of potential difference 
are always in such a direction that the maxima indicate increased posi- 
tive potentials at the nerve, with returns to minima which are still always 
positively above the fiducial zero. In the case of exposure to 4310, 
however, the fluctuations of potential difference are always in a direc- 
tion indicative of increased positive potentials at the retina, hence reversed 
potentials as compared with the first named set of conditions. 

The forms of the retinal responses produced by seriatim exposure to light 
stimuli of different wave-lengths. Figures 3 and 4 give initial effects in 
two different eyes. In figure 5 have been plotted seriatim the results 
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Fig. 4. Potential-time curve due to stimulation by 44310 


obtained by exposure of the same eye to 45900, first, for a period of 4 
minutes, a period of 6 minutes’ rest, and a second exposure to the blue- 
violet 44860, the complementary color to \5900, for a period of 4 min- 
utes. The same general conclusions are to be drawn from the seriatim 
exposures as from the individual exposures in separate eyes. In the 
case of exposure to 45890 there is a maximum rise of electromotive force 
in a positive direction of 0.003 volt; the difference between maxima and 
minima in the fluctuations of potential is 0.0024 volt (praetically) ; there 
is a steady rise in the permanent electromotive force during the con- 
tinuance of the illumination amounting to about 0.0012 volt. After 
the 6 minutes’ rest, the initial exposure to \4860 produced but slight, 
although decreasing, potential effects during the first 25 seconds, to be 
immediately followed by an increased electromotive force in an oppos- 
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ing direction such as to carry back the positive potential established 
under illumination by \5890 toward the initial zero. The conflict of the 
two processes is very clearly indicated in the record of the responses to 
4860. The curve as a whole shows the establishment of a contrary 
electromotive force as compared with that established by 5890; a 
decided reaction to \4860 at the end of 25 seconds’ exposure and the 
gradual decrease of the positive potential difference established under 
stimulation by 5890. 

Figures 6 and 7 present in graphical form the experimental results 
obtained when an eye was exposed to luminous stimuli of various wave- 
lengths seriatim. The manner of procedure in obtaining these curves 
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Fig. 5. Potential-time curve due to stimulation by \5890 for_4 minutes fol- 
lowed by stimulation by \4860 for 4 minutes. 


was as follows: A fresh eye, an hour after excision, was connected into 
the galvanometer circuit and the galvanometer needle brought back to 
its original zero through the agency of the compensating potential de- 
vice. The eye was then exposed to a certain region of spectral energy 
for 4 minutes after which the eye was again stimulated by luminous 
energy of entirely different wave-length. This process was continued 
over several such steps in the case of each eye investigated. The initial 
stimulation was obtained from entirely different spectral regions in the 
four curves presented in figures 6 and 7 These curves are plotted 
with the abscissae indicating the region of light stimulation: the ordi- 
nates represent the change in potential as registered by the galvanometer 
at the end of each cycle, namely the 4 minutes of exposure and the 6 
minutes of rest. The order of stimulation, and regions used therefor 
are indicated by the serial numbers /, 2, etc., or by letters a, 6, c. In 
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Fig. 6. Summarized results of the potential effects of seriatim exposures ‘to 
various wave-lengths. 
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Fig. 7. Summarized results of the potential effects of seriatim exposures to 
various wave-lengths. 











102 CHARLES SHEARD 


curve I, figure 6, for example, the eye was stimulated by light of aver- 
age (i. e., striking the center of the pupil) wave-length \5890 (sodium 
yellow). The potential after 4 minutes’ exposure and 6 minutes’ rest 
had risen to 0.0049 volt as indicated at the point marked /. The eye 
was then stimulated by \4860 for the same length of time and occluded, 
when the potential was found to have dropped down from 0.0048 to 
zero. Exposure to 45300 reversed the potential and gave —0.007 volt; 
44350 carried the final reading to —0.0028 volt; stimulation by \6500 
reduced the potential to 0.0016 volt or carried it back toward the 
initial zero point; \5500 increased the negative potential and 4800 
carried it to —0.0038 volt, at which point the experimentation was 
discontinued. In curve JJ of this figure, the initial stimulus was fur- 
nished by \5250 (green) and ultimately gave a negative potential increase 
of —0.0016 volt indicated by the point a. Exposure to \6563 (red) 
reversed the potential and gave a final value of 0.00032 volt; \4860 
reversed it and carried it back to —0.0024 volt and so on. The points 
marked d and e were dual exposures to \6000 and indicate that the 
second exposure to the same wave-length produced no further changes 
in potential. In fact the galvanometer needle remained practically 
quiescent during the whole of the second stimulation by \6000. 

It is of interest to note that in curve J \4860 (point 2) is practically 
the complement of 45900 (point 7) and in curve IJ 5250 (point a), the 
complement of \6563 (point 6), and that in each of these cases the 
potential effects due to one are practically reversed and annulled by 
those due to the second member mentioned. The maximum potential 
effects were +0.0049 volt for 45890 and —0.0016 volt for \5250. 

Curves III and IV of figure 7 are self-explanatory in view of the 
discussion in connection with figure 6. 

We conclude, therefore, from these and other similar sets of curves 
obtained, that there is evidence of two processes operating in the pro- 
duction of retinal electrical potentials and that, in general, the shorter 
wave-lengths of light stimulate the production of negative potentials 
(from retina to nerve) while the longer wave-lengths produce positive 
potentials (from nerve to retina). 

Complementary colors and antagonistic influences. In considering his 
remarks upon his researches, Gotch (4) writes: 


If it is permitted to associate these results with the well-known theories of 
colour vision, then it is evident that the Young-Helmholtz theory which assumes 
three primary colour reacting substances, red, green, violet, is in remarkable 
accordance with the data just put forward. In one respect only are the photo- 














PHOTO-ELECTRIC CURRENTS IN THE EYE 103 


electric responses not in accord with that theory, for although the responses 
appear to show that there is a substance capable of being stimulated by darkness 
there is no fourth reacting substance postulated in the theory. On the other 
hand this is the only fact which is in any sense applicable to the rival theory 
advanced by Hering and even this is not in accordance with the assumption of 
Hering that the sensation of black, although caused by stimulation, is brought 
about by a change of opposite chemical type to that produced by white. The 
photo-electric responses, being all of the same fundamental type, are not in har- 
mony with the assumption that there are three reacting substances, a red-green 
one, a blue-yellow one, and a white-black one, and that the process is of oppo- 
site sign (association or dissociation) in each member, a process of one sign occur- 


ring with red, blue or white, whilst that of the opposite sign occurs with green, 
yellow or black. 


In his first paper Gotch (3) concludes that the results appear to indi- 
cate the localization of two photo-chemical substances in the posterior 
half of the eyeball, these being a substance reacting to light and a sub- 
stance reacting to darkness. Each reaction, he says, is a change of the 
same type but for the change to occur the eye must be previously 
adapted, i.e., the substances must undergo phases of metabolism under 


conditions opposite to those which evoke the reaction effects. 
Waller (7) writes: 


We may see whether or no complementary colours have opposite electrical 


effects, and whether the excessive action of a given colour favours or disfavours. 


the action of its complementary. . . . The effects of all sorts of colours were 
of the same sign. The joint effect of two complementary colours was practically 
the sum of their separate effects. And the prolonged excessive action of a given 
colour fatigued the retina to that colour just as much or as little as to the com- 
plementary colour. All colours, in fact, as regards the electrical response they 
elicit from the retina, give that response of the same sign and seem to act in the 


same direction, more or less powerfully according as they are more or less 
luminous. 


Thus, e.g., in a given series of trials, the responses had the following 
relative magnitudes: 
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Furthermore, all the experimental facts obtained—viz., the transi- 
tional responses from positive to negative, the immediate conversion 
from positive to negative by compression, the initial period of hesita- 
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tion—point to the conclusion that the retina; when exposed to light, is 
the seat of two contrary electromotive changes. And Waller says:— 


It matters little whether you imagine two single processes or one double 
process behind the movemients of the machinery. . . .. We are all 
acquainted with Hering’s theory of colour-vision setting forth that contrary pro- 
cesses of dissimilation and assimilation are aroused by complementary colours. 

And whether or no we happen to believe that, e.g., a red light is kata- 
bolic and a green light anabolic, we assuredly do believe in what has been termed 
by Bernard the axiom of general physiology—that katabolic analysis and ana- 
bolic synthesis are inconceivable apart from each other. I think that we should 
not hastily admit that our double electrical change is presenting us to another 
aspect of a familiar if somewhat nebulous colour-theory: I think we have no 
ground for assuming that our conclusions mean anything more than the old 
axiom behind anew face. A process necessitates the anti-process, and if the pro- 
cess is attended by an electrical change of given sign, we may expect that the 
anti-process will entail an electrical change of opposite sign. The chemical 
changes taking place in living matter are in general reversible changes. 
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Fig. 8. Potential effects due to previous stimulation by \4300 followed by 
stimulation with \5890 and 5370. 


Sheard and McPeek (6) in two instances investigated the effects of 
luminous energy of a wave-length approximately complementary to the 
spectral region last used to stimulate the eye, under the condition that 
the eye had been under experimental use for some time and reached 
the stage when the responses to stimulation were of a minor character 
and did not show the pronounced and rapid changes of potential indi- 
cated in the initial stages of experimentation—such, for example, as 
diagrammed in figures 3 and 4. The history of the eye from which 
figure 8 was obtained is as follows: a, initial stimulation \5900; b, 44860; 
c, \6563; d, 45000; e, 44300, involving a total time of 45 minutes. 
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Immediately previous to the obtaining of this curve the eye had been . 
exposed to \4300 for 4 minutes. After a period of 6 minutes in dark- 
ness it was exposed to \5890 (sodium light) for 25 minutes. Upon 

ironing out’’ the irregularities, the potential-time curve has the form 
of the heavy line A—~B-C-—D-E. At the point E (after 2.5 minutes) 
the eye was stimulated with \5370 (green) and the general rise of the 
potential positively (i.e., from nerve to retina) is indicated by the 
portion of the curve E F, with a maximum electromotive force of 
+0.0220 volt. The results of this experimentation indicate quite 
clearly that \5376 is more nearly the complement of 4300 than is 
5890 and that 5370 produced a decided change in potential and in 


the reverse direction as compared with the immediately esac 
stimulant, 44300. 
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Fig. 9. Potential effects due to previous stimulation with \5890 followed by 
its complementary, 4860. 


Figure 9 gives a set of conditions somewhat the opposite of those 
shown in figure 8. After five exposures to various portions of spectral 
illumination in the manner detailed in connection with the discussion of 
figure 8, the eyeball was exposed for 4 minutes to \5890. The further 
excitation under \4300 produced but slight effect whereas, when the 
pupil was illuminated with 4860, the increase of negative potential 
(i.e., from retina to nerve) is decisively indicated in the plotted 
results. Hence \4860, the complementary color to 45890, produced a 
decided change in potential and in the reverse direction as compared 
with the immediately preceding stimulant. 

These facts are further substantiated in a general way by the results 
shown in figure 5, in which a stimulation by \5890 is immediately fol- 
lowed by its complementary color, \4860. 
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ANALOGIES BETWEEN RETINAL RESPONSES AND SENSITIVE CELLS 


These retinal current effects can be imitated and their counterparts 
observed in non-organic substances. Considerable work on this sub- 
ject has been done by Bose (20). He took, for instance, a rod of silver 
which he beat out into the form of a hollow cup and sensitized the 
inside of this cup with bromine vapor. The cup was filled with water 
and connected through a galvanometer by non-polarizable electrodes. 
A current arose due to differences between the inner and outer sur- 
faces of the cup; this was balanced by a compensating electromotive 
force. This gave an arrangement somewhat resembling the eye, with 
a sensitive layer corresponding to the retina and a less sensitive rod 
corresponding to the conducting nerve-stump. The apparatus, being 
enclosed inside a black box, was illuminated through an aperture at the 





oor nneese 
e@eeeeece 
ee eme mm 
i 
er 
Pte 











Fig. 10. A series of responses from a sensitized silver surface. (After Bose) 


top; on exposing the sensitive surface to light the balance was at once 
destroyed and a responsive current of positive character produced. 
Upon cessation of light there was a fairly quick recovery. It is of 
interest to compare the response and recovery curves of the frog’s 
retina as obtained by Waller and given in figure 2 with similar phe- 
nomena obtained by Bose (20) with his sensitized silver cell or other 
inorganic medium giving photo-electric phenomena. A sample set of 
data is plotted in figure 10. Waller (7) found the staircase increase 
which we have described elsewhere; in the record of the silver cell given 
in figure 10 this effect is seen at the beginning. At times in retinal 
responses there is an occasional slight increase of response immediately 
on the cessation of light after which there is the final recovery. Such an 
effect is occasionally encountered in the responses of the silver cell. In 
the responses of the retina it is found that increasing the intensity of 
light produces an increasing effect but the rate of increase is not uniform: 
the relation between stimulus and response is concave to the axis which 
represents the stimulus. This particular relation between stimulus 
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and effect is also exhibited in a remarkable manner by the sensitive cell. 
In résumé Bose (20, p. 167) writes: 


So we see that the response of the sensitive inorganic cell to the stimulus of 
light is in every way similar to that of the retina. In both we have, under normal 
conditions, a positive variation; in both the intensity of response up to a certain 
limit increases with the duration of illumination; it is affected, in both alike, by 
temperature; in both there is comparatively little fatigue; the increase of response 
with intensity of stimulus is similar in both; and finally, even in abnormalities 
such as reversal of response, preliminary negative twitch on commencement, and 
terminal, positive twitch on cessation of illumination and decline and reversal 
under continued action of light, parallel effects are noticed. 


CONCLUDING REMARKS 


The action of luminous stimulation upon the retina must lie without 
doubt in the ionization processes set up on the visual receptor cells. 
What these processes are or what the nature of the changes produced is 
still an enigma. However, ionization involves a dissociation into posi- 
tively and negatively charged atoms and electrons. A stimulation by 
light must, therefore, set up a certain process of ionization whereby the 
positive ions may be thought of as moving in general in one direction 
and the negative atoms (if such exist) and electrons as moving in oppo- 
site directions. Photo-electric activities of metals, such as sodium, 
show a discharge of negative electrons under the action of light, the 
rate of discharge depending upon the metal and the character of the 
illumination. However, we need not think of motion of both sets of 
ions but of one only, for example, the electrons, and that membranes , 
and tissues are more permeable to one than to the other of the ionized 
products. We may suppose that substances which in the absence of 
light are ionized to a degree dependent upon the equilibrium constant 
of the reversible dissociation action. The introduction of light into the 
system alters the value of this constant by increasing the rate of the 
dissociating change without affecting that of re-association. It seems 
not improbable, therefore, that the passage of one set of charged par- 
ticles out of the receptor cells along the nerve trunks will thereby 
increase the potential difference between retina and nerve and cause a 
building up of a surplus of the second kind or set of charged .products 
of the ionization process which, by accumulation, will inhibit and in 
large measure sweep out the oppositely charged products of dissociation 
when the concentration becomes sufficient. 
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We know that when one end of a wire is placed in contact with the cut 
end of a nerve and the other is touched to the uninjured nerve sheath, a 
current flows from the sheath to the cut portion. Hence the former is 
positive with respect to the latter. The Nernst-Lillie theory explains 
this by supposing the nerve tissues to contain an ionizable substance 
(or substances) the positive components of which diffuse through the 
sheath more readily than the negative. The sheath has, therefore, a 
differential permeability with respect to ions. When the cut end of the 
optic nerve is connected by a wire to the retina we find the retina to be 
more negative than the nerve end under certain conditions and vice 
versa under other conditions of stimulation. We must, therefore, it 
seems to us, postulate the existence of at least two ionizable substances 
in the receptor cells. One of these substances must give maximum 
ionization effects under yellow, for example, and the other similar 
effects under blue-violet stimulation. For one of the substances the 
negative ions of the receptor cells diffuse more readily than do the posi- 
tive ones, while the reverse is true for the second substance. 

Troland (21), independently of Nernst, makes the following definite 
assumptions concerning the mechanism of the visual impulse. 


(1) The visual impulse cousists in the actual propagation of the positive ion 
I,, from the rod and cone cells along the optic nerve and tract to the cerebellum 
(especially to the neurons of the cuneus in the cerebral cortex). (2) This propa- 
gation takes place with the speed of the visual impulse and occurs within the 
neuro-fibrils which are thought of as molecular tubes within which it is possible for 
even single ions to travel without encountering great resistance. (3) The man- 
ner in which an individual ion may be imagined to be propagated is as follows: 
The non-fibular portion of the nerve fiber is made up of a mixture of substances, 
certain of which are ionized and others of which are capable of constituting an 
osmotic membrane which is normally equally permeable to positive and nega- 
tive ions. However, when a positive ion comes into contact with one of the 
neuro-fibrils the surrounding neural substance acquires a slight differential 
permeability, so that the negative ions are capable of moving within it more 
readily than are the positive ions. This being the case, the loss of negative ions 
into the surrounding tissues—say into the myelin sheath when this is present— 
results in the development of a positive charge within the core. The original posi- 
tive ion thus finds itself placed within the influence of a positive field. Since this 
is a state of disequilibrium, if the ion is free to move—and if, as will be the case, 
its charge is much smaller than that produced in the nerve—it will travel in one 
direction or ‘he other along the neuro-fibril. If we suppose the ion to have had 
an original impetus in the afferent direction, it will move in this sense. The 
resulting process is obvious. As soon as the ion has moved into a new region 
of the nerve fibril the permeability of the neural substances about it for nega- 
tive ions will be altered as before, a new state of disequilibrium will be produced 








PHOTO-ELECTRIC CURRENTS IN THE EYE 109 


and the process will be repeated, the ion moving continuously in one direction 
within the fibril. 


The general nature of the visual cerebrosis, C, follows at once from the 
account of the mechanism of the impulse. The cerebral state correspond- 
ing with any condition of retinal stimulation consists simply in the pres- 
ence in the cerebral cells of the specific ions which are liberated in the retina 
by the action of the light. 


In a recent article by Dr. H. S. Allen (22) we read: 


It is hardly necessary to assume with Helmholtz that there are three different 
sets of nerves having terminations in different parts of the retina. It is frequently 
assumed that when radiation falls upon the eye photo-chemical changes take place 
in certain substances in the retina, and we might imagine that there were three 
different chemical substances corresponding to the three primary colour sensa- 
tions. But in my opinion it is unnecessary to assume that a photo-chemical 
change is the cause of the visual sensation. It appears to me sufficient to sup- 
pose that photo-electric action takes place in the chemical substance, or, it may 
be, substances, contained in the rods or cones, so that we have a separation of 
electrons resulting in electrification of the nerve cells which set up the nervous 
impulse to the sensorium. If this view is correct, the changes in the retina are 
identical with those which take place in a phosphorescent substance or with those 
which take place in the formation of a latent image on the photographic plate. 
After-images which are seen in the dark after viewing a brightly illuminated 
object are analogous to phosphorescence, and we may suppose that the excita- 
tion of the retina is due to the separation of electrons, while the after-image is 
due to their return. This view is supported by certain facts which are very 
familiar. First we know that the sensation of sight can be produced by an elec- 
trical stimulus; also it can be produced by sudden pressure. I have already 
referred to the fact that phosphorescence can be produced in both these ways. 
And in both cases we have obviously, I think, an electrical effect which may be 
interpreted as a separation of electrons; also it is said to be the case that the 
darkness-adapted eye is susceptible to Réntgen radiations. There, again, you 
have in all-probability a process of ionization set up by the rays. I might also 
mention the fact that the peaked curve which shows the relation between the 
sensitiveness of the light of different wave-lengths bears a very close resemblance 
to the curve which shows the variation of photo-electric activity with 
wave-length. 


On the other hand, Dr. W. W. Coblentz (23) of the Bureau of Stand- 
ards writing on Photo-Electric Cells and the Eye, concludes that ‘In 
the writer’s opinion, evidence is not sufficient to conclude that there is a 
connection between the phenomena of color perception and brightness 
and the phenomena of photo-electric sensitivity of inanimate material” 
and that ‘Considered as a whole, the phenomenon of spectro-photo- 


electric sensitivity in solids is only vaguely, if at all, similar to the 
visual response.” 
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POINTS OF GENERAL AGREEMENT 


From these researches one may gather the following, which are quite 
generally verified: 

1. That positive retinal currents are manifested and positive electro- 
motive forces established when an eye is illuminated by light. 

2. That the source of these electrical changes lies in the retinal 
structure or in the posterior part of the eyeball. 

3. That luminous stimuli of different wave-lengths—from red to 
violet—give initially positive retinal currents. Hence all responses are 
of the same general type, and act in accordance with their luminosity. 

4. That the stimulus-response relation is such that the curve repre- 
senting it is concave to the axis representing the stimulus. 

5. That fatugue is less pronounced in the case of the retina than in 
that of muscle. 

6. That the time-relations of the responses or periods of latency after 
application of stimuli are of the order of ;°5 to } a second. 

7. That there is a characteristic response to darkness as well as to 
light stimulation. 

8. That the range of light vibrations under which animals’ (frogs 
quite largely) eyeballs give definite photo-electric responses corresponds 
very closely to the range of vision of our own color sensations. 

9. That photo-electric effects with sensitive cells may be obtained 
which are wholly analogous to phenomena obtained with eyeballs. 

10. That experimental results point to the localization of two photo- 
electrical substances in the posterior half of the eyeball or that the 
retina is the seat of a double electrical movement which may consist of 
duplex changes in one substance or of two changes in two different 
components or substances. 
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EVIDENCE OF FUNCTIONAL ACTIVITY ON THE PART OF 
THE CAPILLARIES AND VENULES 


D. R. HOOKER 
From the Physiological Laboratory of Johns Hopkins University 


Although studies of capillary contractility extend back for a period 
of fifty years almost to the time of the discovery of vasomotor nerves, 
and although the profound significance ot the blood stream in the 
capillary areas for tissue nutrition was recognized at an even earlier 
period, capillary function is given scant if any consideration in discus- 
sion of vascular reactions today. The simple hypothesis of vascular 
control by means of functional activity on the part of the arterioles 
has been adequate to explain experimental results. Yet in recent 
years a considerable amount of evidence has been collected which goes 
to show that this conception is inadequate. First it developed that 
the venous bed may participate independently of the arterial function, 
and more recently it appears that the capillary area likewise plays a 
significant rdle in these reactions. This evidence has not as yet been 
assimilated to the point of modifying the older hypotheses. Indeed 
it constitutes little more than ground work: nevertheless, when gathered 
together, it presents a mass of data which cannot well be neglected. 
Basing deductions upon this newer evidence, we may well expect the 
future to rapidly broaden our conceptions of vascular phenomena 
including therein not only reactions of the muscular arteries but likewise 
reactions of the thin-walled veins and endothelial capillaries and venules. 

When we realize that current hypotheses are the slow outgrowth of 
seventy years of study which started with the epochal demonstration 
of vasomotor nerves by Claude Bernard in 1851, it will not surprise 
us, even in an era of quick advance, if some time is required to root 
this newer work. At the present time it is constituted of isolated efforts 
to demonstrate independence of function by capillary and vein; as 
yet no effort has been made to correlate the data in a survey of the 
whole field. 

Anatomic structure of vessels. The present paper is concerned with 
reviewing this work to the end that it may be available for theoretical 
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and practical application. To begin with, we shall consider the newer 
work as regards the anatomic definition of the parts with which we have 
to deal. For this information I am largely indebted to Dr. F. R. Sabin, 
who has been kind enough also to prepare the material from which the 
accompanying drawing was made. Older histologists recognized the 
essential characteristics of arteries, capillaries and veins (1). The 
capillary is a bare endothelial tube nicely adapted for the transfer of 
nutriment and waste to and from the tissue spaces which surround the 
functioning cells. Along these tubes course nerve fibers which present 
an exactly similar pattern and while contacts between these fiber- 
endings and the endothelial cells have not been recognized, it is a fair 
assumption, in view of the similarity of the nerve and vessel patterns, 
that such contacts do indeed occur. In other words, histological 
evidence accords with the belief that the vascular capillaries have a 
direct nerve supply. In the case of lymphatic capillaries which are 
structurally akin to the vascular capillaries, the evidence of a nerve 
supply is even more convincing (2), so that we may be satisfied that 
the capillary endothelium is provided with a mechanism by which it 
may maintain influential relations with distal parts of the body. 

The endothelial layer of cells which constitutes the capillary is con- 
tinued into the arteries and veins and forms the innermost layer of 
the intima lining these vessels. Superimposed upon this layer are tissue 
structures which give character to and differentiate the different vascu- 
larareas. The essential difference between the larger arteries and veins 
is found in the relative thickness of their walls. In the arteries smooth 
muscle predominates while in the veins, although a goodly supply of 
smooth muscle is present, white and yellow elastic tissue predominates 
and the total thickness of the wall is much less. 

In the larger blood vessels two types of nerves are found forming 
plexiform nets on and in the walls. The one type, motor in character, 
appears to be distributed so that contact is made with each muscular 
element. This set of fibers undoubtedly mediates functional vasomotor 
responses acting upon the muscular coats. The other type, described 
by Dogiel as distributed to the three tunic layers of the vessel wall, 
terminates in a kind of flattened end-plate or specialized structure. 
This set of fibers thus has the character of sensory nerves. Pressure 
stimuli within the aorta and inferior vena cava have been shown to give 
rise to a reflex cardiac response. Thus Eyster and Hooker (3) found 
that a sudden access of pressure in an isolated loop of the thoracic 
aorta caused a reflex slowing of the heart. Both afferent and efferent 
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paths of this reflex are in part if not in whole in the vagus since the 
reaction occurs after section of the accelerator and depressor nerves. 
Bainbridge (4) has demonstrated the converse reaction, namely, that 
a sudden rise of caval pressure produces a reflex cardiac acceleration. 
The importance of the depressor nerve as a sensory path for the control 
of arterial tone has long been recognized. Eyster and Hooker found 
no evidence that these fibers arise in the heart and concluded that 
their distribution was confined largely to the thoracic aorta. 

The point may therefore be made that the larger vessels provided 
with both sensory and motor innervation constitute a mechanism 
which, in conjunction with the heart, is able to preside over the pressure 
conditions of the blood as it is supplied and received from the distal 
and smaller branches of the vascular tree. 

Between the arteries proper and the capillaries lie the arterioles, and 
between the capillaries and the veins proper lie the venules. Whether 
we should distinguish between an arterial and a venous capillary is an 
open question. If such a distinction is made it must rest upon func- 
tional grounds because from a structural viewpoint such a clean-cut 
distinction is impossible. Histologically, capillaries of different size 
may be recognized but they are structurally umform in character. 
The terms ‘‘arterial’’ and “venous” in this connection imply a change 
in character of the contained blood. That we can distinguish in a 
capillary net a sharp point at which such a change occurs seems quite 
improbable. Variables in the tissue call for'oxygen and in the rate of 
the blood stream would be likely to shift this point now in one direction 
and now in the other. The attractive hypothesis of Starling (5) that 
the osmotic pressure of the blood proteins serves to draw back into the 
vascular bed fluid which has filtered into the tissue spaces under the 
hydrostatic force of the blood pressure demands no structural difference 
in the capillary tube. The phenomenon of fluid transport depencs 
simply upon a falling head of pressure. 

While we may not therefore distinguish the capillaries as among them- 
selves and while the older histological work offered no clean-cut dis- 
tinction between arterioles and venules, newer observations have built 
up a sharp distinction in the latter case which is undoubtedly worthy 
of special emphasis because of its presumptive functional significance. 

Arteriole and venule. As we pass peripheralwards along the arteries, 
there is a progressive decrease in the size of the lumen and in the thick- 
ness of the vessel wall. The decrease in the thickness of the vessel 
wall is due chiefly to the loss of connective tissue elements. The 























t 





FUNCTIONAL ACTIVITY OF CAPILLARIES AND VENULES 115 


smallest arteries are made up of the endothelial lining of the intima, 
a layer of connective tissue fibers and a layer of muscle fibers, all of 
which are continuous with the corresponding layers of the larger vessels. 
This transition has resulted in the elimination of the outer adventitious 
coat. The step down to the arteriole is accomplished by the elimination 
of the connective tissue layer between the endothelial lining and the 
muscle fibers. The arteriole, then, is composed of endothelium and 
muscle and is defined as that section of the vessel which has lost its 
intimal connective tissue and yet retains a muscular layer. As the 
arterioles subdivide and become smaller, the muscular layer fades away 


and there is left nothing but the bare endothelial tube which constitutes 
the capillary. 
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Fig. 1. Arteriole and venule from the pia mater of the pig’s brain. The 
arteriole has a wall of endothelium and circular smooth muscle only, there being 
no adventitial sheath. The smaller branch shows a thinning out of the smooth 
muscle as the vessel approaches the capillary and the round cell near the open 
end of its lumen isalymphocyte. The terminal venule has a wall of endothelium 
and connective tissue only, the last two longitudinal smooth muscle cells being 
a considerable distance from the capillaries. The capillaries are not in the pia 
mater but penetrate the substance of the brain. 


Passing again along the capillary tubes, the latter are transformed 
into venules. This transition is accomplished by the addition of a 
connective tissue layer which takes place before there is any evidence 
whatsoever of the presence of muscle fibers. Thus there is a sharp 
structural contrast between the arteriole and the venule. The arteriole 
is characterized by the muscle substance intimately overlying the 
endothelial tube, while the venule exhibits connective tissue similarly 
overlying the endothelium. 

This structural difference is well shown in the accompanying figure 
(fig. 1) drawn from preparations of the pial vessels of the brain. The 
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two drawings are not true to scale and the small branch given off from 


- the vessel marked “arteriole” has not completely lost its muscular 


covering. In many such preparations, however, the true capillary 
(bare endothelial tube) is seen attached to the arteriole as it is here 
seen attached to the venule. The point of difference as to distribution 
of muscle on the arteriole and connective tissue on the venule is very 
clearly shown and gives an anatomic basis for the physiological results 
which connect the capillary and venule as one functioning structure. 

Vascular nerves. There is no evidence that any but the largest ves- 
sels contain sensory nerve fibers. In the smallest vessels, arterioles, 
capillaries and venules, the nerve fibers are-of exceedingly fine structure 
so that a motor and sensory differentiation on histological grounds is 
out of the question. It is clear, however, that there are no typical 
sensory end-plates such as are recognized in the larger vessels and it 
seems highly probable that the fibers in question are motor fibers, the 
function of which is to determine the contractile state of the vessels. 
In the case of the arterioles the muscle fibers establish the tone changes, 
under the influence of the vasomotor nerves. In the capillaries and 
venules, however, which are completely devoid of muscular tissue, the 
phenomenon of contractility, if it be present, must have another basis. 

Theories of capillary contraction. It has been repeatedly pointed out 
(6) that there is no inherent difficulty in the conception that the capil- 


-_laries (and venules) are contractile. Isolated protoplasmic units such 


as white blood cells and amoebae have the power independently to 
change their shape as the result of appropriate chemical stimulation. 
If under alterations of surface tension isolated protoplasm may change 
its form, the same property must adhere to the endothelial protoplasm 
of the capillaries. It is insufficient, however, in the case of the capil- 
laries to conceive of a simple change of shape in their cellular constitu- 
ents as a means of altering the vascular lumina without assuming that 
the tube length is shortened coincident with the thickening of its walls. 
Although the capillaries lie loosely supported by adjacent tissues and 
could therefore undergo change in axial length, it is more attractive 
to apply the other well-recognized phenomenon connected with the 
surface tension of cells, namely, the alteration in the plasma membrane 
which influences the transport of fluid, to account for capillary con- 
tractility. We may conceive then that alterations of the surface 
tension of the capillary endothelium, mediated by chemical or nervous 
influences, determines the fluid content and so the degree of turgescence 
of the cells. 
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That such a process is developed in capillary contraction is indicated 
by the observations of Stricker (7). Stricker, who was one of the 
first to interest himself in capillary function (1865), noted that when 
the capillaries constricted in the nictitating membrane of the frog as 
the result of appropriate stimulation, they disappeared almost entirely 
from view, to return again after the constriction passed off. This 
observation suggests that the distention of the cells stretching the 
cell membrane thins the latter out to such an extent that it becomes 
invisible. It is of interest to note in this connection that Stricker 
himself regarded the capillary contraction as associated with a turges- 
cence of the endothelial cells. 

Not all the observers of capillary phenomena have accepted the view 
that the capillary endothelium as such is responsible for changes in 
caliber of these vessels. In 1873 Rouget (8) described perivascular 
cells lying on and encircling the capillary wall which were regarded 
as the functional agents in alteration of capillary tone. It was con- 
ceived that these perivascular cells contract and in so doing accomplish 
a passive infolding of the capillary endothelium. Although there was 
no more histological evidence of the contractility of these cells than 
of the endothelium, the view was widely adopted. Four years before 
Rouget’s publication, Golubew (9), who was the first to confirm Stricker’s 
observations, had indeed suggested that certain spindle elements on 
the capillary walls contract into spheres, thus occluding the lumina of 
the vessels and so functioning as a constriction. Tarchanoff (10) 
adopted the same view, as did Severini (11) and Mayer (12) among the 
earlier observers. Among later workers Steinach and Kahn (1903) 
(13) alone adhere to this position. 

Roy and Brown (1879) (14), among the older workers, accept 
Stricker’s view that the endothelial cells are the prime factors in medi- 
ating changes of capillary tone. Recent workers, Dale (15), Krogh 
(16), Bayliss (6) and Hooker (17), adopt directly or by inference the 
position that the endothelial cells are alone responsible for the capillary 
phenomena. While this viewpoint harmonizes best with modern histo- 
logical data and accords with observations of motility in the lymphatic 
capillaries in the tail of the living tadpole, as made by Clark (18) 
and others, it is to be noted that none of them worked with sufficiently 
high magnifications to reveal the structural details of the capillaries 
the function of which was under investigation. 

Evidences of capillary function. Investigation of capillary function 
has been directed to the study of dilatation and of constriction by the 
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two methods of nervous and chemical stimulation. In general terms 
we may say that chemical stimuli may mediate both constriction and 
dilatation, while up to the present time nervous stimuli have been shown 
to cause only constriction. In the present effort to present the current 
viewpoint on the functional activity of these vessels, it will be expedient 
to emphasize the more recent contributions to the subject, making only 
casual reference to studies prior to 1900. 

In 1903 Steinach and Kahn (13) published a paper which, although 
largely concerned with repetition and confirmation of earlier work, is 
an important contribution to the subject. Steinach and Kahn adopt 
the view advanced by Rouget in 1873 and maintained by 8. Meyer, 
that certain perivascular spindle elements are responsible for ‘capillary 
constriction.”’ The figures used by Rouget and reproduced by Steinach 
and Kahn to illustrate these structures suggest a striking identity with 
the muscular elements characteristic of the arteriole, as revealed by 
modern methods. This fact is apparent if one compares Rouget’s 
figures with the drawing of Doctor Sabin’s preparation given as my 
figure 1. One is thus led to conclude that the vessels which Steinach 
and Kahn regarded as capillaries and which they said contract are, 
according to modern histological methods, in fact arterioles and not 
capillaries. Steinach and Kahn do not show these cells in their drawings 
of contracting capillaries and it appears from the text as if the capil- 
laries which they had under investigation showed the scattered, longi- 
tudinally-lying smooth muscle cells which are found in the area of 
transition from arteriole to capillary. Their drawings indicate, never- 
theless, a collapse and infolding of the capillary wall in the process of 
contraction which would seem to be impossible of accomplishment 
except by some force acting from without and certainly could not be 
due to a turgescence of the endothelial cells. 

We are consequently unable to reach a satisfactory conclusion as 
to the manner in which the occlusion of the capillary lumen is accom- 
plished. As between turgescence of the endothelial cells and activity 
of the perivascular spindle cells of Rouget, the former is more in accord 
with the newer histological developments. The question is unsettled, 
however, and is deserving of further work. 

As regards the contractility of the capillaries, however, Steinach 
and Kahn present positive evidence. Most of their efforts were directed 
to a study of the effects of electrical stimulation applied to the isolated 
nictitating membrane of the frog. This work confirms Stricker, 
Golubew, Tarchanoff and Biedl (19). They used both galvanic and 
faradic currents and found, in the main, galvanic stimuli more effective. 
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It is not easy even with the nictitating membrane of the frog to obtain 
both clear and irritable preparations. When so obtained, however, 
the application of stimuli gave sharp pictures of vascular contraction 
which, under favorable circumstances, might be repeated ten to twenty 
times. Sometimes the area of responding capillaries was extensive, 
sometimes only localized responses were obtained. 

The amount of contraction obtained by the direct application of 
stimnuli to the tissue is given in the accompanying table: 


Measurements of capillaries at rest and during stimulation (Steinach and Kahn) 





| | | 
DIAMETEI | DIAMETE 
OBSERVA- = = 


TION IN IN | CAPILLARY LUMEN | MATERIAL OBSERVED 
; RELAXATION |CONTRACTION| 








Mb B | 
1 26.0 | 12 | Still patent | Nictitating membrane 
2 24.0 | 7 | Invisible | Nictitating membrane 
3 23.0 | 15 | Narrowed | Periesophageal membrane 
} 22.0 | 6 | Much narrowed | Nictitating membrane 
5 21.0 4 | Invisible | Nictitating membrane 
6 19.0 | 3 | Invisible | Nictitating membrane 
7 18.0 | 8 | Narrowed | Nictitating membrane 
8 18.0 | 10 | Invisible | Nictitating membrane 
9 8.0 | 14 | Notched | Nictitating membrane 
10 | 14.0 | 6 | Invisible | Nictitating membrane 
mm -) Be) 3 | Invisible | Nictitating membrane 
2 | bh 4 6 | 


Much narrowed | Nictitating membrane 








The authors adduce this evidence to substantiate their contention that 
turgescence of the endothelium cannot explain the contraction because 
the diameter of the whole capillary is reduced. A contraction of the 
lumen by turgescence could not decrease the outside diameter of the 
vessel. But the table is also of interest in giving concrete evidence 
of the amount of change which may take place in capillary diameter. © 
It shows an average decrease in diameter from 18.5 u to 7.8 uw. Inter- 
preting these values in terms of sectional area, we find the cross section 
of the relaxed capillary is 0.0011 sq. mm. as compared with 0.0002 sq. 
mm. for the contracted capillary, a fivefold difference. The potential 
efficiency of the capillary in the regulation of the distribution and pres- 
sure of the blood is thus seen to be enormous. 

The time required for complete contraction is from one ‘to three 
seconds. Dilatation takes an appreciably longer time. Single stimuli, 
even of highest intensity, are quite without effect; it requires a sum- 
mating series to elicit a response. 
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A significant observation made in connection with the use of this 
isolated tissue was that the venule contracts as well as the capillary. 
The contractile process is essentially like that of the capillary but is 
less energetic, develops more slowly and seldom goes on to complete 
constriction of the lumen. The relaxation phase is described as taking 
a shorter time than in the capillary proper. .These differences of 
behavior in the venules are ascribed to the fact that there are fewer 
contractile elements in their walls. 

Results similar to the above were obtained with the membrana 
perioesophagealis. This tissue, however, lacks many of the advantages 
of the nictitating membrane and was employed relatively little. The 
essential results obtained with the frog were demonstrated in the use 
of mammalian tissue, namely, a decrease in cross section and a folding- 
up of the intima upon electrical stimulation. The omental vessels of 
the guinea pig and cat were observed. Omental tissue of young cats 
excised and observed in a warm moist chamber yielded the most satis- 
factory results. Capillaries of less than 10u diameter were not observed 
to contract. But they regard the larger vessels as being true capil- 
laries and sustaining the point. This would seem to be a wholly 
justified assumption. Cats’ red blood cells are 6u in diameter. A 
capillary tube of much less than 10u would obviously impede the blood 
movement. Since they frequently noticed vessels of 10u reduced to 
3-4 diameter under stimulation, it is a fair presumption that the 
smaller capillaries which failed to respond to stimulation were in fact 
already contracted. 

Biedl, and Tarchanoff before him, had sought to demonstrate a 
nervous control of capillary tone without success. Steinach and Kahn, 
however, convinced from their results on direct stimulation of tissue 
that the capillaries must be under nervous control, persisted in the 
attack until they were able to make a preparation which gave unequivo- 
cal results. The reader must be referred to the original paper for the 
details. It is sufficient here to state that tracing back the nerves from 
the nictitating membrane, they were able to stimulate these fibers at 
their exit from the cord and at the same time observe the behavior of 
the capillaries in the nictitating membrane in situ. Under these circum- 
stances the authors found that nerve stimulation gave as pronounced 
a capillary response as was obtained by direct stimulation. Here 
again single stimuli were ineffective and the direct current was superior 
in potency to induced electricity. The latency was appreciably greater 
than by direct stimulation, four to five seconds in favorable cases, but 
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sometimes twenty or more seconds. Efforts to obtain reflex capillary 
constriction were without avail although they were able to show a 
reflex effect upon small arteries close to their capillary field. In spite 
of their failure in this regard, they believe that reflex regulation of 
capillary tone will yet be demonstrated. 

Do the vessels as such facilitate blood movement? One other point 
brought out in this paper deserves mention, namely, the fact that 
following nerve stimulation the capillaries are prone to exhibit rhythmic 
contractility. This observation is of interest in view of the question 
frequently raised in the literature regarding an extra cardiac force in 
the propulsion of blood. A recent critical review of this subject by 
Fleisch (20) emphasizes the improbability that the rhythmic contrac- 
tions exhibited by the excised arterial strip can be interpreted as evi- 
dence of a vascular force to facilitate the blood movement. Hess (21) 
has shown for the pulsating veins in the bat’s wing by cinematographic. 
photographs that the time relations between contraction and relaxation 
are such as would facilitate blood movement. The contraction phase 
is about one-third and the relaxation phase about two-thirds of the 
cycle. Records of the arterial pulse wave show a reversed time reaction; 
that is, the collapsing (constriction) phase is two-thirds and the distend- 
ing (relaxation) phase is one-third of the cycle. It is obvious that such 
a movement, even if more than passive, would not facilitate the pro- 
pulsion of the blood. Furthermore, as Fleisch points out, the rate of 
contraction of isolated arterial preparations at body temperature is 
less than the heart rate. If therefore such vascular movements occurred 
in the normal intact animal, they would be as likely to impede as to 
facilitate the force of the heart beat since they are neither synchronous 
with it nor can they travel with the same rapidity over the vascular 
tube. 

Fleisch thus concludes that there is no convincing evidence that the 
arteries furnish an extra-cardiae circulatory force. The existence of 
such a force in the veins is perhaps an open question, but in the case 
of the capillaries, since cinematographic records show no rhythmic 
change of caliber, the latter must also be excluded as participating 
circulatory aids. The most recent work makes such a sweeping state- 
ment on the capillary function very questionable. Stricker in 1865 
described the observation of a varicosity on a frog’s capillary which 
moved forward, suggesting to him peristaltic activity on the part of 
the endothelial tube. Also, as will be discussed more fully later, it 
has been shown that the mammalian capillaries and venules undergo 
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post-mortem changes such that they are almost completely emptied of 
blood shortly after death. Later they fill again and subsequently 
finally empty themselves. These changes take place post mortem and, 
since the preparation is not disturbed, cannot be passive in character 
both as to emptying and filling. In other words, the capillaries under 
these circumstances exhibit a functional response which might be of 
distinct moment in moving the blood under normal conditions. 

It will be noted that when the blood is passed into the capillary bed 
its progress is slow so that to hasten it would not require a quicker action 
on the part of the enveloping tube than we might expect from our 
knowledge of the tissue concerned. Indeed, anyone who observes the 
capillary circulation must be struck by the varied rate of flow in this 
vascular field. Corpuscular stagnation in one vessel is paralleled by 
a rapid stream in an adjacent vessel supplied by the same arteriole. 
-There is no doubt that some force distal to the arteriole is responsible 
for the condition. And this conviction is strengthened when we note 
that the conditions of flow in two such neighboring capillaries may be 
reversed without apparent change in the arteriole. This phenomenon 
may be especially well seen in the capillaries of the finger in the skin 
overlying the matrix of the finger nail (22). 

This is not to say that an inherent force in the capillaries and venules 
actually propels the blood stream onward. Rather, we should state 
that the tissues involved, the capillary and venular endothelium, possess 
a capacity readily adaptable to such a function under the conditions 
which prevail. It seems therefore quite probable that an extra-cardiac 
force of very considerable significance to the circulation may yet be 
shown to be present in the capillaries and venules. Up to the present 
no one has attempted to show, except in the case of the bat’s wing, that 
the veins proper facilitate blood movement by contractile activity. 
There is abundant evidence that the tone of the veins is an important 
factor in circulatory regulation (23) and we know that respiratory, 
joint and muscular movements facilitate by a massage effect the move- 
ment from valve segment to valve segment of the blood in the large 
veins. The sole indication, however, that the veins may move the 
blood by a kind of peristaltic activity is found in analogous observations 
that the large lymphatic trunks in situ may exhibit spontaneous rhyth- 
micity of a peristaltic character. Gunn and Chavasse (24) found that 
the application of epinephrin to the inferior vena cava at a considerable 
distance from the heart elicited rhythmic contractions in a formerly 
quiet preparation, but it may be doubted if the extension of the auricular 
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function out over the great veins is to be regarded as a functional aid 
to the movement of the blood. 

Chemical stimuli. I have dwelt at considerable length on the work 
of Steinach and Kahn because it presents in large part the viewpoint, 
methods and results of earlier investigators. It must be pointed out, 
however, that effort was not limited to a study of electrical stimulation. 
Thus Stricker used chemical and mechanical stimulation as well and 
obtained excellent results on the capillaries of the tail of the living 
tadpole. The results with ammonia vapor were particularly striking. 
When the tissue was exposed to the vapor for three or four seconds and 
then examined under the microscope, Stricker saw the capillary lumina 
almost disappear and then dilate wide enough for a corpuscle to pass. 
This phenomenon occurred about twice in fifteen minutes. Similarly 
Tarchanoff made use of alcohol, ether, ammonia, ferric chloride, acetic 
acid and also heat and obtained capillary constriction. The character 
of the functional response of the vessels is not made very clear and it 
appears that the vessels very often failed to dilate after the stimulus 
was removed. Roy and Brown in 1879 and also Lister (25) in 1858 
found that irritant chemical substances produced capillary dilatation. 
Lister considered this response secondary to arteriolar dilatation, but 
Roy and Brown showed conclusively by concomitant pressure deter- 
minations that the effect was directly upon the capillaries. Biedl 
studied the effect of heat. He reports seeing all the peripheral vessels 
of the frog’s mesentery (arterioles, capillaries and venules) contract 
on the application of salt solution at 45°C. and dilate again when the 
heat was removed. 

Severini (11), as early as 1878, published a monographic study of 
capillary function. In this he states that the application of oxygen 
causes the capillaries to contract, while the application of CO. causes 
them to relax. These observations were made upon the frog and also 
upon the mesentery of the guinea pig. Lister, likewise, had observed 
the effect of CO. and used the phenomenon to explain the congestion 
of the lungs in asphyxia. These results could not be confirmed either 
by Tarchanoff or by Roy (26), but are nevertheless of interest in being 
the first definite suggestion of the importance of these gases in the 
regulation of vascular tone. Quite recently, however, Krogh has been 
able to confirm them for carbonic acid. 

Mechanical stimuli. When a blunt-pointed object is drawn across 
the skin with some pressure, a vascular skin reaction is developed which, 
in certain circumstances, is regarded clinically as symptomatic of 
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vasomotor instability. The reaction was first described by Marey in 
1858 (27), who regarded it as dependent upon a capillary response. 
The track of the object is first white, due to expression of the under- 
lying capillary blood. The white line turns red in a few seconds and 
may become bordered with white bands, with flushed bands or with 
both white and flushed bands, the white bands lying next the red line. 
The reaction persists for varying lengths of time, usually a matter of 
minutes. The duration and brilliance of the phenomenon depend 
upon the sensitivity of the vessels and in certain cases may go on to 
the development of definite urticarial wheals (urticaria factitia). 

This reaction is generally known as dermatographism and in extreme 
form is regarded as an angioneurosis. Maiiller (28), in a discussion of 
the phenomenon and its diagnostic significance, published some beauti- 
ful photographs indicative of the character of responses obtained in 
different clinical conditions. Ryan (29) has sought to apply the test 
as a criterion of physiological fatigue. The latter’s results indicate that 
the primary white line fades more quickly when the subject is fatigued 
or suffers from an infectious disease. 

In 1917 Cotton, Slade and Lewis (30) attacked the subject of derma- 
tographia as exhibited in soldiers with “irritable heart,’’ and present 
evidence to show that some of the conditions observed can best be 
explained on the assumption of contractility in the capillaries. They 
regard the red line of the tache and the flush which may surround it 
as due to arteriolar dilatation which floods more blood into the eapillary 
bed. The white tache and the white area beside a red tache, however, 
are accepted as due to capillary constriction. When a red tache has 
been established its tint is first that of the skin, but blueness is rapidly 
developed, they argue, by capillary dilatation which facilitates oxygen 
diffusion and in the absence of increased blood flow develops the blue 
color. 

The most convincing evidence adduced by these investigators for 
capillary activity is found in experiments in which the blood flow in 
an arm was completely shut off by a supra-systolic pressure in a sphyg- 
momanometer cuff. When the arm was held horizontal at the time 
this pressure was applied, the color of the skin remained normal and 
the stroke of a blunt instrument developed a white tache just as distinet 
as under normal circulatory conditions. Since this reaction could be 
obtained at any time during ten minutes of applied pressure, they quite 
properly assume a stabilized pressure in the vessels. If under such 
circumstances the capillaries empty themselves of blood on appropriate 
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stimulation, the result cannot be ascribed to arteriolar constriction and 
must be due to a response on the part of the capillaries themselves. 
Under the same conditions stronger mechanical stimulation of the skin 
produced a red taéche which was assumed to be due to a capillary 
dilatation, thereby permitting blood to enter from the larger neighboring 
vessels. 

Following the same procedure as regards occluding the larger vessels, 
these authors find that the cutaneous injection of a few drops of 
1:30,000 adrenalin causes a localized pallor much as is the case when 
the substance is injected with circulation intact. Pallor in the latter 
case is accepted as due to constriction of the arterioles and this the 
authors do not deny. -But when the blood flow in the large vessels is 
shut off, the pallor must be due to an effect upon the capillaries directly. 
We shall have more to say of the effect of epinephrin in later pages. 

Sollmann (44) has studied the reactions produced by the application 
of various substances to the scarified skin. Urticarial reactions were 
obtained with histamine, peptone, morphine, formaldehyde, atropin, 
cocaine, calcium chloride and urea, while blanching occurred with epi- 
nephrin, pituitary and hydrastin. Although localized flushing or 
blanching of the skin was conspicuous in these reactions, Sollmann 
was unable to connect them with any known chemic or pharmacologic 
relations because other substances having equally potent vasomotor 
properties were without effect. He ascribed the urticarial responses 
to a specific increase in capillary permeability. It would be of interest 
with our present methods and knowledge of capillary function to again 
study these reactions to observe directly the behavior of the capillaries 
and venules. 

Briscoe (31) made a careful study of the venous and capillary pres- 
sures in a number of individuals suffering from the condition known 
as “irritable heart’? who exhibited local asphyxia or cyanosis of the 
hands. She made use of the apparatus described by Hooker (32) 
and used as criteria for the venous pressure the collapse of the super- 
ficial vein, and for the capillary pressure the blanching of the skin under 
the glass capsule. Throughout her observations the venous pressure 
was found within normal limits (average 11.4 em. HO). The capillary 
pressure was, however, uniformly high and sometimes as high as twice 
the normal. The average capillary pressure for the controls was 23.5 
em. H.O, and for the subjects with well-marked blue hands 36.9 em. 
H.O. In these cases there is little doubt of capillary stagnation; the 
blue color, the tendency to perspire, and the dark color of the blood 
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which exudes from a skin prick, all point to this condition. The stasis 
might be due to arteriolar constriction. This factor is, however, 
excluded by the high capillary pressure. Hence the only mechanism 
which could develop a high capillary pressure with engorgement accom- 
panied by a normal venous pressure would be a constriction of the 
venules and this is the explanation of the condition which Briscoe 
accepts. 

We find in this explanation the first suggestion of independent func- 
tion on the part of the venules. I shall present direct evidence of the 
ability of these vessels to contract and to dilate, and it is quite con- 
ceivable that they may do so in these cases of local cyanosis although 
Briscoe’s evidence is the sole indication of it at the present time. It 
must be remembered also that the criterion of color change in the skin 
for capillary pressure is open to serious objections, as has been pointed 
out by Danzer and Hooker, and especially on a cyanotic skin this 
criterion must be difficult of interpretation. 

Returning again to the results of direct experimentation of capillary 
function, we have the recent contributions of Krogh (1919). Krogh 
reached the conclusion that in muscle at rest many capillary channels 
are occluded, and that as the result of activity the number of patent 
capillaries is enormously increased. This conclusion rested on the 
study of both living and fixed specimens. 

_ It may be assumed that the response is due primarily to the stimulus 
exerted upon the capillary endothelium by the katabolic products of 
muscular activity. In this paper Krogh well emphasizes the inadequacy 
of the older concept of capillary function that the number of functioning 
capillaries in any tissue depended upon the tension of blood in the 
arterioles, and that as this tension rises more and more capillaries open 
up as if their tonicity varied in degree from capillary to capillary. 
He points out that if such an arrangement existed, the blood would 
always tend, when the pressure was low, to flow in certain fixed channels 
so that some cells would be richly supplied with oxygen while others 
would be in constant danger of suffering oxygen want. There is today 
much reason to believe that the capillaries are readily susceptible to 
chemical stimulation especially, and that thereby the blood, without 
recourse to changes in arteriolar pressure, may be shunted from one set of 
channels to another according to the tissue needs of their environing 
cells. Roy and Brown indeed noted (1879) that the caliber of capillaries 
is constantly changing, and that these changes are independent of the 
pressure of the blood supplied to them. As a matter of fact, one may 
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note in the skin overlying the matrix of the finger nail, when the tissue 
is made transparent to microscopic vision by a drop of oil, what Krogh 
observed in the tongue of the frog, namely, the not infrequent alterna- 
tion of stasis and flow in the capillaries under observation. Danzer 
and Hooker found that one of the annoyances in determinations of 
capillary blood pressure in man, when the criterion employed was the 
cessation of corpuscular flow, lay in the fact that often the large and 
conspicuous capillaries were filled with stagnated corpuscles, and they 
noted that in the course of observations it was not uncommon to find 
that a previously stagnated vessel had become patent and that on the 
other hand patent vessels became stagnated. Furthermore, they 
found under varying experimental conditions that the pressure might 
rise or fall in one capillary while the pressure in its neighbor remained 
constant or changed in an opposite direction. The structural conditions 
of the vascular bed are undoubtedly such that in the vast majority of 
instances neighboring capillaries are supplied by the same arteriole. 
Variations in neighboring capillaries such as have been noted therefore 
must be due to inherent and independent changes in the vessels 
themselves. 

In another place Krogh has presented further evidence of independent 
contractility in the capillaries of the frog as induced by both chemical 
and mechanical stimulation. As regards the latter, he states that 
punctate stimulation with a needle point may be seen to cause dilatation 
of a single capillary or even a short section of a single capillary. It 
is interesting that when such a reaction is induced, the dilatation starts 
at the venous end of the tube so that as the vessel fills the blood appears 
to flow toward the heart. When the dilatation reaches the arteriole, 
there is a sudden reversal to normal in the direction of the flow. I 
have myself repeatedly seen this reversal of flow under somewhat differ- 
ent conditions in the capillaries of the cat’s ear. The observation that 
cocaine abolished the response to mechanical as well as to certain 
chemical stimuli suggests a nervous control of some kind. Acids, 
however, among the chemical stimuli, were exceptions in that cocaine 
did not abolish their effect. Immediately after nerve section the 
response to both mechanical and chemical stimulation is unaltered. 
With the establishment of degeneration the area of response becomes 
constricted until finally it is sharply localized to the point directly 
stimulated. These findings led Krough to the conviction that capil- 
lary tone is not only independent of the blood pressure but that the 
spreading of the effects of stimuli is due to axone reflexes which are 


| 
q 
1 


pas nem 





128 D. R. HOOKER 


probably conveyed along sensory fibers. This position accords with 
the conception of Bruce (33) and of Bardy (34) that inflammatory 
processes resulting from the application of local irritants are essentially 
due to axone reflexes. 

All the chemical substances investigated by Krogh (acetic and 
carbonic acid, adrenalin, iodine, urethane, cocaine, nicotin and amyl 
nitrite), when applied directly to the vascular area under observation 
(the frog’s tongue) produced capillary dilatation. The same result 
followed from the application of heat, of cold and of mechanical stimu- 
lation. Electrical stimulation of the lingual nerve was without effect. 
These results are not in accord with the findings of other observers, 
as will be noted in the table which follows (table 1), nor can they be 
readily harmonized among themselves, i.e., the effects of heat and cold 
are the same.. Krogh is of the opinion that capillary tonus is not of 
nervous origin but must depend upon some constituent of the blood, 
and this constituent is not oxygen. 

In 1918 Hooker (35) showed that it is possible to demonstrate an 
appreciable rise of venous pressure on appropriate stimulation in a 
preparation when the arterial pressure was zero. The preparation 
consisted of the sigmoidal area of the large intestine in dogs, isolated 
except for its nervous connections via the inferior mesenteric ganglion. 
After the blood was washed out by perfusion, the artery was left open 
and the drainage vein connected with a water manometer. Direct 
electrical stimulation of the nerve to the part gave a rise of pressure 
of 7.5 em. of water, indirect stimulation (asphyxiation) acting by way 
of the medulla gave a rise of 4.5 cm. of water. The possibility that the 
response obtained was due to activity of the intestinal musculature 
was excluded by coincident records of the pressure within the lumen 
of the gut itself. The results thus obtained were regarded as substanti- 
ating the existence of a central as well as a peripheral venopressor 
mechanism. Whether the contraction was in the larger vein, in the 
venule or in the capillary, or in all of them together, was not possible 
of determination, but it was believed that the arteriole and artery were 
effectively excluded. In our present knowledge we should probably 
emphasize the participation of the capillary and venule although the 
direct evidence is not at hand in this particular experiment. 

In the hands of the earlier observers chemical stimuli in the main 
produced capillary constriction. Later work emphasizes dilatation as 
the result of such procedure. The following -table summarizes the 
substances employed, the, tissues used, the results obtained and the 
names of the observers. 
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TABLE 1 
To show the results obtained on capillaries by various observers by the use of different 
chemical substances 
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\ ene ~ TISSUES OBSERVED Sa iciertine OBTAINED| OBSERVERS 
Chlorof | Frog’s web (intact) Dilatation Lister 
iloroform. .4|., >, ; , ‘ : 
| Frog’s mesentery (intact) Dilatation Roy and 
Brown 


Frog’s nictitating membrane (iso- 


4 . lated) Constriction | Stricker 
ere ett | Tadpole’s tail (intact and isolated) | Constriction | Stricker 
Tadpole’s tail (intact) Constriction | Tarchanoff 


| 
_Frog’s nictitating membrane (iso- 
Alkali........4| lated) Constriction | Stricker 
|| Tadpole’s tail (intact and isolated) | Constriction | Stricker 


Frog’s nictitating membrane (iso- 











| lated) Constriction | Golubew 
Frog’s nictitating membrane (iso- | 
lated) | Constriction | Tarchanoff 
Frog’s mucous membrane of mouth | 
| (isolated) Constriction | Golubew 
| Frog’s muscle (isolated) Constriction | Golubew 
Acetic acid. ‘|| Frog’s skin (isolated) | Constriction | Golubew 
| Tadpole’s tail (isolated) Constriction | Golubew 
|| Tadpole’s tail (intact) Constriction | Tarchanoff 
|| Frog’s web (isolated) Constriction | Golubew 
Frog’s web (isolated and intact) | Constriction | Tarchanoff 
| Frog’s tongue (intact) Dilatation Krogh 
|| Frog’s web (intact) Dilatation Lister 
| | 
; _Guinea pig’s mesentery Dilatation | Severini © 
Carbon 1) aie ‘ ; a 
or ‘| Frog’s tongue (intact) | Dilatation Krogh 
dioxide. .. (| Frog’s web (intact) | Dilatation 
| | | 
| Tadpole’s tail (intact) | Constriction | Tarchanoff 
Alcohol, | 


| Frog’s nictitating membrane (iso- 
ether, fer- (| 


| 








; -, || lated) | Constriction | Tarchanoff 
ric chloride || ,, __, : orn. pe 
Frog’s web (isolated and intact) | Constriction | Tarchanoff 
‘| Frog’s web (isolated and intact) | Constriction | Tarchanoff 
Heat }| Frog’s mesentery (intact) | Constriction | Biedl 
me Frog’s tongue (intact) | Dilatation Krogh 
| Frog’s web (intact) Dilatation Lister 
Pe P : 
Cold........., Frog’s tongue (intact) | Dilatation | Krogh 
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TABLE 1—Concluded 























p+ eng TISSUES OBSERVED nesuurs OBTAINED OBSERVERS 
a a 
Oxygen....... Guinea pig’s mesentery | Constriction | Severini 
Gold salts, etc.| Frog’s mesentery (intact) | Dilatation Heubner 
Frog’s tongue (intact) | Dilatation Krogh 
. Human skin (intact) Constriction | Cotton, 
Adrenalin. .. .< Slade and 
| Lewis 
Cat’s ear (intact) Constriction | Hooker 
Human skin (intact) Dilatation Sollmann 
Histamine. ..{| Cat’s mesentery (intact) Dilatation Rich 
Cat’s ear (intact) | Dilatation Hooker 
Mustard...... Frog’s web (intact) Dilatation Lister 
Oil of turpen- 
tine. .......| Frog’s web (intact) | Dilatation Lister 
Cantharides...| Frog’s web (intact) | Dilatation Lister 
Croton oil. ...| Frog’s web (intact) | Dilatation Lister 
ies {| Frog’s web (intact) Dilatation Lister 
lie } Frog’s tongue (intact) | Dilatation Krogh 
Urethane..... Frog’s tongue (intact) | Dilatation Krogh 
Cocaine....... Frog’s tongue (intact) | Dilatation Krogh 
Nicotine... ...| Frog’s tongue (intact) Dilatation Krogh 
Amy] nitrite. .| Frog’s tongue (intact) Dilatation Krogh 





The above table comprises the effects of various substances, most of 
which have an inconspicuous, evanescent effect. In the case of two 
of them, however, gold salts and histamine, the effect is striking and 
permanent. Heubner (36) especially has shown that the intravenous 
injection of the double chloride of gold and sodium produces a shock- 
like prostration accompanied by a remarkable engorgement and stasis 
of the capillaries and veins. Post-mortem examination showed, in 
the case of mammals, distended and conspicuous veins which could 
be traced as fine twigs onto the surface of the intestine. The peritoneal 
surfaces were injected and the mucous membrane had a similar hyper- 
emic appearance. Microscopically all the tissue exhibited an extensive 
dilatation of the venules and capillaries, and not infrequently ecchy- 
motic areas. The small arteries were everywhere strongly contracted, 
usually with completely occluded lumina. 
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In frogs Heubner was able to observe a picture much like the above 
develop under the microscope. Curarized frogs were prepared to 
observe the mesenteric circulation and doses of the double gold salt 
equivalent to 0.25 mgm. metallic gold were injected intravenously. 
During the injection the vascular picture remained unchanged. In a 
minute or less after the injection there developed a sudden and extreme 
increase in the number of capillaries visible and at the same time the 
intestine assumed an intensely red color. Shortly after this change 
the circulation came to a complete standstill. These results indicate 
that the substance used is an endothelial poison which primarily attacks 
the capillaries and venules. The dilatation and engorgement of the 
large veins suggest also that these vessels are affected. How far the 
effects observed are dependent on the central nervous system is an 
open question. And it seems quite improbable, as Heubner points out, 
that the picture is developed simply as a result of arteriolar dila- 
tation since vasomotor paralysis, so far as is known, does not establish 
a hyperemia with a tendency to ecchymosis. 

A similar type of reaction has been predicated by Dale (15) and his 
co-workers for histamine. It is true that these investigators were 
unable to present direct evidence of the toxic action of histamine on 
capillary endothelium; nevertheless their indirect evidence is so strong 
that one does not hesitate to accept their conclusions. 

Histamine (8-Iminazolylethylamine) is a substance first isolated from 
ergot but subsequently prepared by decarboxylation of histadine and now 
believed by some to occur in various animal tissues (37). It exhibits the 
paradoxical action of intensively stimulating smooth muscle and yet, 
when introduced into the blood stream of cats and dogs, of causing a 
profound and fatal depression of the arterial blood pressure. The 
paradox is accentuated by the fact that isolated arterial strips, like 
smooth muscle derived from the uterus and other parts of the body, 
when brought into contact with solutions containing this substance, 
respond with powerful contraction. The signs and symptoms pre- 
sented by an anesthetized animal acutely poisoned with histamine 
(about 6 mgm. per kilo intravenously) resemble in many respects the 
condition of traumatic shock. Dale and his co-workers, by reasoning 
and experiments, reached the conclusion without observation of the 
vessels concerned, that histamine is a capillary poison producing an 
effect upon the general circulation analogous to that established by the 
injection of gold salts. Cannon (38) had previously presented evidence 
that the capillaries are packed with red cells in wound shock and postu- 
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lated this condition of ‘‘exemia’”’ as the causative factor in the condition. 
This conclusion has since been confirmed by Rich (39) and by the 
present writer (17). Rich developed a method by which he could obtain 
instant fixation of the omental tissues in situ. He was then able to 
study the vascular picture under the microscope after the omentum 
had been removed and spread upon a slide. Preparations made in 
this manner at various times after the intravenous injection of histamine 
in cats and controlled by specimens in which physiological salt solution 
was injected gave clear evidence that an immediate effect of the his- 
amine was to increase greatly the number and size of the capillaries. 

Similarly I have been able to show by photographs of the capillaries 
in the cat’s ear that here too histamine causes a profound dilatation 
of the capillaries and venules. The vessels of this area may be less 
sensitive than in the omentum; at any rate I frequently observed that 
the dilatation due to histamine was preceded by a period of constriction. 
This constriction was usually fleeting in character and while of con- 
siderable moment in regard to capillary function is not to be regarded 
as disputing the hypothesis of histamine action under discussion. In 
connection with my observation that histamine dilates the venules 
as well as the capillaries, it is of interest to point out that measurement 
of the venous pressure in these experiments showed a fall of venous 
pressure corresponding in magnitude to the drop in arterial pressure. 
Dale states that the portal venous system is collapsed and empty. It 
follows therefore that the dilatation of capillaries and venules must be 
able to accommodate a very considerable amount of blood since the 
pressure both in artery and vein falls too quickly to be wholly accounted 
for by transudation of plasma into the tissue spaces. 

Histamine, as Dale pointed out, does not abolish arterial vaso- 
constriction upon sensory nerve stimulation. It does, however, com- 
pletely depress the response of capillary and venule to peripheral nerve 
stimulation, as will shortly be emphasized, indicating again its potency 
as a poison for the capillary endothelium. 

The present writer has found that, using Lombard’s method (40) of 
a drop of oil upon the skin, the cat and other animals can be used 
advantageously in studying the capillary circulation. After the inner 
surface of the ear of a cat with non-pigmented skin has been shaved, 
cleaned and dried, the pinna is spread out and sealed to the board so 
that its surface is flat and slightly below the level of the heart. A 
drop of castor oil is flooded over the area to be studied and with direct 
illumination the microscope reveals an exquisite capillary net about 
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the hair follicles, in which corpuscular flow can be readily visualized. 
In addition to the capillaries, venules can be seen but, in the ear, the 
arterioles are not visible presumably because they lie deeper in the 
tissue. The nictitating membrane gives an even more beautiful 
vascular picture, showing arterioles, capillaries and yenules, but is not 
adapted for experimental procedure because in the anesthetized living 
animal it cannot readily be brought below the heart level and studied. 
The level of the vessels with respect to the heart is of prime importance 
because, using low power magnification (70 ), the vessels are. not 
visualized as such but by their contained blood. Thus the capillaries 
and venules are assumed to contract when they empty of blood. When 
these vessels are below the heart level they are subject to a hydrostatic 
column of venous blood. Constriction of the arterioles alone, therefore, 
could not empty them, and if they do empty or appreciably change 
their size as the result of experimental procedure, the change must be 
due to inherent activity in the vessels themselves. 

Objection may be made to this assumption on the ground that arterial 
constriction could block the entrance of red blood cells into the capil- 


laries and still allow the passage of plasma, the effect of which would 


be to wash out any red cells lying in the capillary channels. Lister, 
who was one of the first to study capillary function, indeed made this 
objection to one of his own experiments on the frog in 1858. In the 


present case, however, the objection is not valid, as will be made clear 


by what follows. 


When an anesthetized cat is placed on a flat animal holder, the 
capillaries of the ear lie about 2 em. below the heart level and are there- 
fore subject to a venous hydrostatic pressure of 2 cm. of blood. Under 
these conditions, if the arterial supply to the vascular area under obser- 
vation is mechanically shut off so that there is no corpuscular movement 
in the capillaries, the latter vessels do not empty. If now, instead of 
occluding the artery, the animal be promptly killed by an overdose of 
anesthetic, in the course of a few minutes the capillaries and venules 
will be emptied almost completely of blood. This emptying takes 
place by a movement of blood from the arterial to the venous side of 
the capillary net. After some time, fifteen minutes or more, the vessels 
again fill and it may be seen that they fill from the venous side of the 
bed. After a further period of time roughly coincident with the onset 
of skeletal muscle rigor, the capillaries and venules again empty and 
thereafter remain empty. | 
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This observation, subject to certain exceptions which need not be 
considered here, may be readily repeated. It shows in the first place 
that the capillaries and venules function independently of arterial 
pressure changes, as was first clearly emphasized by Roy and Brown; 
and in the second place it shows that the removal of corpuscles from 
these vessels is in no sense necessarily dependent upon their being 
washed out by a stream of plasma. 

In the research now under discussion certain other facts were pre- 
sented which are of importance to our main thesis and which for the 
first time correlate and extend the earlier observations on the frog to 
the mammal. The post-mortem movement of the blood in the capil- 
laries and venules under the conditions as defined, is clear evidence of 
the functional activity of these vessels. In the tip of the ear, composed 
of skin with a few scattered hair follicles overlying a cartilaginous base, 
and placed below the heart level, the only force which can cause such 
corpuscular movement must be in the endothelium of the capillaries 
and venules. The development of a similar corpuscular movement 
by other procedures must likewise be ascribed to endothelial activity. 
Of the two post-mortem capillary constrictions above described, the 
first is in all probability asphyxial in origin and may contribute in no 
small degree to the well-recognized asphyxial rise of arterial and venous 
blood pressure. So ready an explanation of the second constriction is 
not at hand. Its onset coincident with the development of skeletal 


muscle rigor suggests the possibility of a relationship to some similar 


change in endothelium. There is, however, at the present time, no 
scientific basis for such a suggestion. 

Of foremost importance to the theory of capillary function is the 
effect produced by nerve stimulation. If the cervical sympathetic 
be sectioned and stimulated in the cat, there occurs first a cessation 
of corpuscular flow due, it may be assumed, to arteriolar constriction. 
Then the corpuscles begin to clump and to move forward in an irregular 
manner so that in the relatively brief time that the stimulus (electrical) 
is continued, the field of observation is wiped quite clean of corpuscles. 
Promptly after the cessation of the stimulus corpuscles appear again 
from the arterial side and the flow is even more abundant than before 
the stimulation. This result can be repeated many times on the same 
preparation without any indication of fatigue, and appears to be con- 
clusive evidence that the capillaries and venules are subject to nervous 
control. Figure 2 reproduced the photographs taken in such an 
experiment. 
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While it was not shown in this investigation that section of the 
cervical sympathetic in the anesthetized cat caused new capillaries to 
open up or the capillaries already present to appreciably dilate, it was 
observed that subsequent to the nerve stimulation there was a very 
definite increase in capillary size. This result is suggested in the above 
figure but owing to the uncertainty of focus the size of vessels so repro- 
duced is not wholly trustworthy. Photographs are to be relied upon 





Fig. 2. Constriction of carillaries and venules by electrical stimulation of 
the cervical sympathetic. Magnification 90 X. Cat a, before; b, during; and 
c, after stimulation. The negatives have not been retouched. 


only when the vessels or sections of them are present or absent or when 
the change in the size is very conspicuous. Nevertheless it is readily 
possible to see by direct observation the changes above described. 
Further support for the contention that nerve impulses play upon and 
influence capillary tone is found in the action of epinephrin. Epi- 
nephrin is today generally accepted as acting only on tissues with 
sympathetic innervation. If 3 ec. of 1:50,000 adrenalin solution be 


cn abs ? 











136 D. R. HOOKER 


injected intravenously, the capillary bed behaves much as it does in 
the case of nerve stimulation, that is to say, the corpuscles stop, clump 
and then slowly and irregularly move out of the field. There can be 
little doubt, especially if the process is observed directly with the eye, 
that the events here described are directly dependent upon a functional 
response of the endothelium. 

The above result with epinephrin is not in agreement with Krogh’s 
experiments on the frog. Krogh found that the application of 0.1 per 
cent adrenalin to the surface of the tongue exposed for view under the 
microscope produced hyperemia. This capillary dilatation sometimes 
occurred independently of arterial response but usually the smaller 
arteries dilated also. This dilatation of the smaller arteries suggests 
that the effective concentration might have corresponded to the usual 
dilator dose. Since Krogh was able to establish this capillary effect 
as independent of arterial change, it may be surmised that the substance 
produces a reaction in the capillaries and venules in proportion to its 
strength, as is the case of its effect on the systemic blood pressure. 

It is of considerable interest that these results also confirm Dale’s 
hypothesis that histamine is a capillary poison. The intravenous 
injection of histamine (ergamine phosphate, 6 mgm. per kilo) in the 
anesthetized cat causes a sudden fall in arterial and venous blood pres- 
sure from which recovery may or may not take place. Direct obser- 
vation of the capillaries, as well as photographs, shows that coincident 
with these blood presssure changes there is a corresponding dilatation 
of the capillaries and venules. Rich has shown the same change in the 
omental vessels by another method. 

The toxic effect of this substance is emphasized not alone in the 
dilatation. of the capillaries and venules which it produces, but also in 
its inhibition of the normal vascular responses. In an animal which 
has been killed by a lethal dose of histamine, the capillaries and venules 
are promptly dilated and remain so indefinitely. Thus they fail to 
show the primary constriction which has been described above as 
asphyxial in origin, or the secondary constriction which is, under ether 
death, coincident with the onset of skeletal muscle rigor, although 
animals killed with histamine develop skeletal rigor as readily as do 
the others. Similarly the injection of histamine develops such a con- 
dition in the capillaries and venules that nerve stimulation and the 
intravenous injection of epinephrin are entirely without effect although 
it may be easily shown, as was pointed out by Dale, that epinephrin 
injection and the stimulation of sensory nerves elicit an arterial blood 
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pressure rise comparable to that obtained before the injection of his- 
tamine. This arterial blood pressure rise after histamine, due to the 
constriction of the arterioles, since it does not affect the capillaries and 
venules, justifies again the assertion that when the capillaries and 
venules do respond to experimental procedure such response must be 
an active one and not passive to changes in the caliber of the arterioles 
and therefore in the pressure and volume of blood supplied to them. 

In the foregoing pages we have sketched the development of our 
knowledge of the function of the capillaries and venules, and find that 
today we have a considerable mass of evidence indicating that the 
behavior of these vessels must be of very great functional significance 
although their codperation in vascular reflexes has not hitherto been 
considered, The work of Roy and Brown, and quite recently that of 
Krogh and of Danzer and Hooker, has indicated the ability of the 
capillary bed to respond to local tissue needs by dilatation when tissue 
conditions tend toward asphyxiation, by constriction when such local 
needs have been satisfied. Thus there is a constant play of function 
opening up and closing various capillary channels in response to the 
metabolic state of the environment. When the capillary lumen is 
closed it may be quite empty of corpuscles, as noted by Krogh for 
resting muscle, or it may be packed with stagnated corpuscles as noted 
by Danzer and Hooker for the cutaneous capillaries of man. One 
would expect therefore that such changes, while ordinarily balancing 
one another in different parts of the bod:, might under special conditions 
exert a profound effect both upon the distribution of the whole blood 
and upon its partition between corpuscular elements and plasma. 
Cannon and Dale have emphasized the fundamental significance of 
the capillary bed in different forms of ‘‘shock,’’ and Thaysen (41), in 
a communication which has not been available to the writer, has 
ascribed a remarkable variation in the red cell count in a case of poly- 
cythemia to alterations in the tone of the capillaries and precapillaries 
of the skin. Thaysen is reported to have observed the red cell count 
to rise from 5.3 million to 10.6 million in a period of twelve hours, a 
reaction not unlike that found by Lamson (42) to follow the injection 
of massive doses of epinephrin in experimental animals. Lamson has 
located the polycythemic reaction to epinephrin in the liver and inclines 
to the view that the increased red cell counts found after epinephrin, 
exercise and other experimental procedures are due to blood concen- 
tration rather than to the washing into the circulation of cells stored 
in quiescent vascular areas, as suggested by Snyder and Havens (48). 
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In either case the capillary bed appears responsible for the changes 
observed. 

We have seen that the capillary bed is responsive to both chemical 
and nervous influences. Broadly speaking, we may say that chemical 
factors, so far as they have been studied, mediate dilatation of the 
capillaries and venules, while nerve stimulation mediates constriction 
of these vessels. Both these factors have long been recognized as 
participating in vascular reactions, but only in recent times have they 
come to be specifically located in their effects upon the capillary and 
venule, that is, upon that section of the vascular bed which is composed 
of bare endothelium. We may believe that the chemical regulation is 
usually local in character, producing changes in accordance with the 
passing needs of particular tissues, and that only in special or patho- 
logical conditions does the reaction extend to the body as a whole. 
In accordance with this view we might regard the nervous control 
as a force tending to restrict the capillary beds over the body as a 
whole, thus maintaining a tone to be played upon by chemical factors. 
But the story is far from complete and much remains to be done. 
This much, however, appears true, that we must reorganize our con- 
ception of the peripheral resistance. Hitherto the functional peripheral 
resistance has been limited to the arteriole, the caliber of which is 
controlled by a muscular coat subject to nervous and chemical influ- 
ences. The resistance to the flow of blood by the capillary and venule 
has been regarded as essentially fixed. Now we know that beyond the 
arteriole the capillary and venule function actively and must therefore 
participate directly in vascular reactions. Whether it will be shown 
that these several areas of the peripheral vascular bed function inde- 
pendently of one another is an interesting question for the future. 
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THE CARBON DIOXIDE CARRIERS OF THE BLOOD 


DONALD D. VAN SLYKE re 
The Hospital of The Rockefeller Institute for Medical Research 


The arterial blood of man normally contains about 50 volumes per 
cent of carbon dioxide, the venous about 55 to.60. A pure solution 
containing 50 volumes per cent of carbon dioxide would have a hydro- 
gen ion concentration of 3.1 X 107°. Yet in the blood the hydrogen 
ion concentration is only ye'so as great, and the difference between 
arterial and venous blood is so slight as to be barely within the limits 
of measurement by our most sensitive methods. The purpose of the + 
present paper is to discuss the chemical mechanism by which blood is 
enabled to carry its allotted load of carbon dioxide, and nevertheless 
maintain its hydrogen ion concentration at such a low and remarkably 
constant level. 

Briefly stated, the organism utilizes two properties of certain con- * 
stituents to set the blood pH! at the physiological point and, to main- 
tain it near that point despite variations in CO, content such as oceur 
in the change from venous to arterial blood. One of these properties 
is the buffer action of the bicarbonate and the proteins in the plasma, 
and of bicarbonate, proteins, and phosphates in the cells. The other 
property is the change from a relatively weak acid to a relatively 
strong one which hemoglobin undergoes when it changes from the 
reduced to the oxidized form. We shall discuss these factors sepa- 
rately, and then attempt to outline the manner in which they combine 


a cn in nen sen sn 
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‘In speaking of reaction or hydrogen ion concentration we shall in this paper 
express data in the terms of pH introduced by Soerensen (1912) and generally 
adopted because of their convenience. The pH at a given reaction is the nega- 
tive logarithm of the normality of the hydrogen ion concentration. The hydro- 
gen ion concentration of a 0.01 N HCl solution, for example, is approximately 
0.01 N, since the dissociation of HCl into H* and Cl’ is practically complete. 
0.01 is 10-?. The logarithm of 10~? is of course — 2. The pH of 0.01 N HCl 
solution is therefore 2. The pH of water is almost exactly 7, which therefore 
represents the neutral reaction. A pH greater than 7 indicates an alkaline 


reaction, less than 7 an acid reaction. The reaction of normal blood at pH 7.35 
is therefore slightly alkaline. 
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to enable the organism to meet both ordinary and extraordinary 
demands upon it for transport of carbon dioxide, and still maintain 
almost absolute constancy of hydrogen ion concentration in the blood. 


FORMS IN WHICH CARBON DIOXIDE IS, CARRIED IN THE BLOOD 


There are four forms which CO, may assume in a solution, viz., dis- 
solved anhydrous carbon dioxide, carbonic acid, bicarbonate, and 
carbonate. Using B to indicate a monovalent base, such as Na or_K, 
these forms are indicated by the molecular formulas, CO2, HzCOs, 
BHCOs, and BO, respectively. Concerning the equilibrium between 
the first two forms, CO, and H.CO;, we are uncertain. We can, how- 
ever, assume that, if all the CO. in pure water solution is not changed 
to HeCOs;, at least a constant proportion of it is. The reaction for the 
change is 

CO, + H.O = H.CO;. 


From the mass law the conditions for equilibrium are 


(Concentration of CO.) xX (Concentration of H:O) = Constant xX 
(Concentration of HsCQs). 


The H.O concentration is constant, however, so the above equation 
becomes: 

Concentration of CO. = Constant * Concentration of H.COs. 

Since the HsCOs;, therefore, either represents all the CO. not bound 
by bases, or represents a constant portion of it, it is customary in the 
study of equilibrium to assume that all of the CQO: is in the form H.CQs3. 
All calculations of the acid dissociation constant of HsCO; have been 
based on this assumption, and no errors are introduced if in the use of 
this constant the same assumption is consistently made. Throughout 
the present paper, therefore, we shall follow the custom of indicating- 
all the dissolved CO. not bound by bases as H,COs. 

Of the other two forms, BHCO; and BeCOs;, only the bicarbonate 
can exist in significant quantities in solutions containing as much 
H:CO; as does the blood. The reaction Be,CO; + HeCO; = 2BHCO,; 
possesses such an equilibrium const@mt that with physiological concen- 
trations of H:CO; it goes with practical completeness from left to 
right. This was shown by Bohr (1909): 


In a 0.155 per cent sodium carbonate solution (about the average carbonate 
concentration of plasma) at 38°, and with the physiologically normal carbon diox- 
ide tension of 45 mm., Bohr calculated that 99.5 per cent of the sodium carbonate 
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was in the form of bicarbonate, and confirmed the calculation experimentally 
within the limit of analytical error. Even at 12 mm. CO, tension, which is sel- 
dom if ever observed in life except in premortal coma, 98 per cent was in the form 
of bicarbonate. Consequently one can, for quantitative purposes, regard the 
bicarbonate of the plasma as synonymous with its entire reserve of alkali in 
excess of that neutralized by acids other than carbonic. 


In considering CO, transport by the blood we may therefore limit . 
ourselves to two forms, free COs, indicated as H,CO;, and bicarbonate, 
BHCO;. If all the CO, of the blood were in the free form as H2CQs, 
the blood would, as shown above, be 1000 times more acid than it is, 
or can be with compatibility to life. If all the CO, were in the form of 
carbonates, on the other hand, the blood would be hundreds of times 
too alkaline. The maintenance of the reaction necessary for life 
requires a definite and constant balance between CO, as HeCO; and 
CO, as BHCO;, and it is by means of its mechanism for maintaining 
such a balance that the organism is able to transport in the blood the 
great amounts of CO, that are continuously carried to the lungs for 


excretion, and to do so with a barely measurable change in the 
blood pH. 


THE BUFFERS OF THE BLOOD 
The nature of buffers 


Buffers are salts of either weak bases or weak acids, and are charac- 
terized by the ability to enable solutions in which they are present to 
receive additions of limited amounts of either acid or alkali with much 
less change of pH than would be caused by the same additions to 
water, or to a solution containing only salts, such as NaCl, that have 
no buffer power. All the important buffers of the blood, viz., the 
bicarbonates, phosphates, and the alkali salts of the proteins, are salts 
of weak acids. In each buffer, part is present as free acid, part as 
the salt of a strong base, and the pH of the blood is determined by the . 
relative proportions of buffer salts and free buffer acids respectively. 

The alkali salts which constitute the buffers of the blood are in effect 
reservoirs of alkali, a portion of which they give up to neutralize car- 
bonic or any other acid that enters the blood. In this manner act the 
phosphates, and also the alkali salts of the plasma proteins and of the 
hemoglobin. 

In regard to such buffers two general laws may be stated, the prin- 
ciples underlying both of which may be found in L. J. Henderson’s 
monograph on the regulation of body neutrality (1909). 
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1. The hydrogen ion concentration of the buffer solution is propor- 
; . free acid a a ea” 
tional to the ratio ————— or —. Examples of such ratios in the 
free salt BA 


H.CO; BH,.PO, HHbO HHb ° ° . 

blood are BHCO,’ B.HPO. BHbO’ BHb’ (B is used to indicate any 
monovalent base, such as Na or K, A to indicate the acid radicle, 
BHbO the alkali salt of oxyhemoglobin, HHbO the free oxyhemoglobin, 
BHb and HHb the salt of reduced hemoglobin and the free protein 
respectively.) 

2. A given buffer is most efficient in maintaining constancy of pH 
(that is, in minimizing the proportion by which H+ is changed by a 





a “hie : 
given addition of acid or alkali) when the ratio —— approximates 1, 


and H+ equals K, the dissociation constant of the free acid forming 
one of the buffer pair. 

The theoretical demonstration of these two laws is the following: 
free buffer acid 


. HA 
1. Relationship between pH and the ratio BA (o1 buffer salt 


This relationship is derived as follows: 

Since the reaction of electrolytic dissociation of an acid into H+ and 
anion is HA = H+ + A’, it follows from the law of mass action that, 
at equilibrium, 


1) K X HA = Ht x A’, 
K being the dissociation constant of the acid. Hence 


2) H+ = K xX es 

But when the buffer mixture is the salt of a very weak acid plus some 
free acid, only an infinitesimal part of the anion, A’, originates from 
dissociation of the free acid (HCO; in the concentration present in 
the blood, for example, is dissociated into Ht and HCO,’ only to the 
extent of about 1/10,000). Essentially all of the anion originates 
from dissociation of the salt, BA, into B+ and A’. Most salts in 0.1 
to 0.01 molecular concentration undergo such dissociation to the extent 
of 60 to 90 per cent of the amount present. If the degree of dissocia- 
tion be represented by A, the concentration of anions is A’ = ABA, 
and Equation 2 may be written 


te 
3) H+ = 1] 


‘BA 























THE CARBON DIOXIDE CARRIERS OF THE BLOOD 145 


Since \ varies to a relatively slight extent over ranges of concentration 
within such limits as are found in blood constituents, one may state as 


‘ere K 
a close approximation that Gi K, and 


HA 
4) H+ = —e 
) H ‘BA 
In terms of pH, since pH = —log H*, Equation 4 is 
HA 


5) pH = —log K, — log BA’ or 


6) pH = pK, + log “3 





The form represented in Equation 6 was first introduced by Hassel- 
balch (1916). 

Expressing — log Ki; as pK, the value of pK, for BLHPO,: BH.PO, 
mixtures was shown by Soerensen (1909) and by Clark and Lubs 
(1916) to be approximately 6.8. For BHCO;: HeCOs; solutions in the 
concentrations normally found in blood plasma Hasselbalch (1916) 
found pK; at body temperature to have a value of 6.1.2. His results 
indicated in fact that by determination of the ratio BHCO; : H.CO; 
the pH of a blood sample could be estimated with Equation 6 as 
accurately as by the standard electrometric method. 


2. Maximum Efficiency of Buffer Action When = = J,and H+ = K, 


There is a slight inconsistency in the above heading, because when 


at = 1, H* is not quite equal to K, the dissociation constant of the 


K HA 
acid, HA. For, from Equation 3, Ht = — ——. 
BA 

~ ; HA 
= K, — \ instead of = 1. However, \ is so nearly equal to 





Hence when Ht 


1 in the buffer salts at the dilution in which they occur in the blood, 
that the error in considering it as unity may, for the purposes of the 
present discussion, be neglected. 


2 The figure actually given by Hasselbalch is 6.4, because he used the equiva- 
lent concentration of H»CO;, which is twice the molecular, in calculating the 
BHCO, 


——— ratio. When used with the molecular ratio adopted by L. J. Henderson 
H,CO; 


and, so far as we have observed, all other authors except Hasselbalch, the value 
of pK; must, therefore, be reduced by log 2, or 0.3, giving pK, the value 6.1. 
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The fact that a buffer mixture of a weak acid and: its salt has its 


, BA a : 
maximum efficiency, when == 1, in diminishing changes in reaction 
caused by adding either base or acid, has its basis in the general prop- 

ioe : ‘ a ‘ : 
osition, that in the ratio ia ® Siven change in a produces the least 
change in the ratio when a = 0.5 and the ratio is consequently unity. 
The relationship is exemplified graphically by a curve expressing as 





BA 
ordinates values of the ratio Ha’ 28 abscissae values of pH. For 


bicarbonate at approximately normal blood plasma (0.03 M) concen- 
tration, the curve indicated by figure 1 is obtained. The curve is 
BHCO; 
HCO,’ 
the, for the present purposes, insignificant variations in pK, from the 
value 6.1 being neglected. It is evident from inspection that the curve 
is steepest in the middle, when HCO; and BHCO; are equal (50 per 
cent of the CO. as BHCO;).. This fact means that at this point the 
addition of sufficient acid or alkali to change a given amount of the 
total CO, from BHCO; to H2CQO3;, or vice versa, causes less shift in pH 
than at points near either end of the curve, where the ratio BHCO;: 
H.CO; is much greater or smaller than 1. For example, changing the 
per cent of CO. as BHCO; from 50 to 60 alters the pH from 6.10 to 
6.26, a change of 0.16; while changing the percentage from 85 to 95 
raises the pH from 6.85 to 7.40, a change of 0.55. It is evident that 
at pH 7.40, the reaction of normal blood plasma, when the ratio 


BHCO; _ 20 


———— = bicarbonate as a buffer is acting at far from its most 
H.CO, 1 ‘ ’ 


calculated from the approximate equation pH = 6.1 + log 


efficient point. 


The phosphates are more efficient at blood pH. When the ratio 
sao = 1, the pH is 6.8, much nearer to the reaction of normal 
blood than the 6.1 pH of the BHCO, : H.CO; pair when their ratio 
is unity. The phosphates are present in so small an amount in plasma 
that they play a quantitatively negligible réle, but they are more 
important in the cells. Of all the organic and inorganic acids, other 
than proteins, that might conceivably be used as buffers by the organ- 
isms, L. J. Henderson (1909) estimates that carbonic and phosphoric 
most nearly approximate maximum efficiency at the blood reaction, 
despite the fact that the blood pH is not very near the point of maxi- 
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mum efficiency of either buffer. It is of importance, however, that this 
point is in both buffers at a lower pH than that normal for blood, so 
that if the blood pH falls, the phosphate and carbonate buffers oppose 
the change with an efficiency which increases as the change approaches 
the danger point. At pH 6.95, which appears to be the most acid 
point consistent with life in man, the phosphates have very nearly 
their maximum buffer efficiency. 
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Fig. 1. Action of NaHCO;:H.CO; buffer, showing maximum buffer effect at 
middle of curve when NaHCO;:H:CO; ratio = 1. 

\ 

While the organism has appropriated the best available, although 
not ideal, buffers that the external laboratories of nature offer, it 
appears to have manufactured, in the chief blood proteins, buffers of 
its own which are nearly ideal. For oxyhemoglobin Campbell and 
Poulton (1920) have recently estimated that the acid dissociation 
constant is approximately 2 < 1078, according to which the point of 
maximum buffer efficiency is at pH 7.7 which is close to that of blood. 
For reduced hemoglobin L. J. Henderson (1920) estimates that the 
acid dissociation constant is } as great as for oxidized. This would 
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make it 2.2 < 107°, with a maximum buffer efficiency at pH 8.66, 
if we accept Campbell and Poulton’s approximate figure for oxyhemo- 
globin. Henderson’s own calculation placed the absolute values of 
both constants approximately 10 times as high. While his data, 
estimated from the differences between the CO, absorption curves 
of oxygenated and reduced blood found by Christiansen, Douglas 
and Haldane, seem adequate for approximating the difference in the 
K’s of the two forms of hemoglobin, the experiments of Campbell and 
Poulton, who practically titrated a solution of dialyzed hemoglobin, 
are more directly applicable to a calculation of the absolute value of 
the K of oxyhemoglobia. 


The manner in which buffers act as carbon dioxide carriers 


- We may define a carbon dioxide carrier, in the physiological sense, as 
a constituent of the blood which increases the amount of CO, that may 
' be taken up by arterial blood with a change in reaction equal only to the 
normal pH difference between arterial and venous blood. Each buffer 
adds its quota to the amount of CO, that can be absorbed within these 
limits. As stated before, the buffer salts act as reserves of alkali, part 
of which they give up to neutralize any acid (H:CO; in this case) that 
is added. The manner in which this action occurs is illustrated by 
the following example. ; 

Let us assume a solution containing NaHCO; in 0.03 m concentra- 
tion, and total phosphate (Na,gHPO, + NaH,PO,) in 0.05 m concen- 
tration, the reaction of the solution being pH 7.35, the average normal 
reaction for blood. We will calculate the changes that occur when the 
H.CO; is increased sufficiently to lower the pH to 7.25. The molec- 


ular ratios at this reaction are calculated by rearranging the 


BA 

HA’ 
BA BA 

general equation, pH = pK, + log HA’ to the form log Be 


pH — pK,. Using for pK, in the bicarbonate and phosphate buffers 
respectively the values 6.10 and 6.80 we have 

NasHPO, 

og ————__ 

NaH-PO, 


NaeHPO, _ 
N aH.PO, 


= 7.35 — 6.80 = 0.55 


| 
| 
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The total concentration of PO, is 0.05 m. Therefore NaH,PO, = 
0.05 — Nae.HPQO,, whence 


Na,.HPO, 
0.05 — NasHPO, 


ee, 


we Be | 
NasHPO, = 0.0390 m concentration at pH 7.35 
NaH.PO, = 0.0110 m concentration 


= 3.55 





In the same way we calculate 


NasHPQ, = 0.0346 M comeesgntion at pH = 7.25 
NaH-2PO, = 0.0154 m concentration 


Since NaH:PQ,, however, has 1 less Na than Na,HPQO,, the change 
from the latter to the former sets free 1 equivalent of Na to combine 
with H.CO; and form NaHCO;. The concentration of alkali thus 
freed from the buffer reservoir is calculated as 


0.0390 m NazHPO, at pH 7.35 
0.0346 mu Na,HPO, at pH 7.25 
ee 
Difference = 0.0044 .m Na set free to form NaHCQ3. 


At the beginning, with pH 7.35 our NaHCO; was 0.030 m. We have 
now by alkali drawn from the phosphates increased it by 0.0044 to 


0.0344 M. 
We have as additional CO. increase added a small amount of free 


H2CO;3. 
NaHCO; 











The ratio at the start is calculated as follows: 
H.CO; 
log ans = pH — 6.1 = 7.35 — 6.10 = 1.25 

H.CO; 

NaHCO; = 178 
H,CQ; 

NaHCO; = 0.03 

H.CO; = on = (0.00169 m 
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NaHCO; : 


2COs 


remained at 0.03 m, the HeCO; would have been 


H.CO; = 0.08 = 0.00212 m. 
14.1 


At pH 7.25, the ratio s 14.1; hence if the NaHCO; had 


Since the NaHCO; is increased to.0.0344, however, we have at pH 7.25 


H:CO; = — = 0.00244 m. 


The increase from 0.00169 to 0.00212 = 0.00043 m represents the 
amount of free HCO; that is added to 0.03 m NaHCO; solution in 
changing the pH from 7.35 to 7.25. It is the CO, carrying capacity of 
the bicarbonate alone within this pH range. 

Due to the phosphate we have been able to add in addition 


0.00440 m CO, as NaHCOs, and 
0.00244 — 0.00212 = 0.00032 m CO, as HCO; 

0.00472 m CO. = COs capacity of the phosphate 
between pH 7.35 and 7.25. j 


The results are summarized in table 1. The molecular concentra- 
tions are transformed into terms of volumes per cent of CO, by multi- 
plying by 2240, since 100 cc. of a molecular solution contain 2240 ec. 
of CO. gas. 









































TABLE 1 
MOLECULAR CONCEN- VOLUMES 
TRATION X 1000 PER CENT CO> | MILLIMETERS 
| COs TENSION 
. =| CORRESPOND- 
CO: as | CO: as CO: as CO: as ING TO HeCOs 
NaHCO;| HeCOs | NaHCOs| HeCOs 
CO, at pH 7.35...... 9 ae 30.00 1.69 | 67.20 3.79 51.9 
Increase on changing to pH 7.25 
Due to NaHCO;........... 0.00 0.43 0.00 0.95 13.0 
Due to, phosphates......... 4.40 0.32 9.86 0.72 9.9 
Total increase..............| 4.40 0.75 9.86 1.67 22.9 
Ne eee 34.40 | 2.44 | 77.06 | 5.46 | 74.8 











We have given this example in such detail because it illustrates 
exactly the manner in which the buffers of the blood act as COs: carriers. 
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Furthermore the bicarbonate concentration in the above is about that 
of blood plasma, the pH range is normal for blood, and the amount of 


phosphate present approximates in its CO, carrying effect the combined 
buffers of the blood. 


Graphic measurement of carbon dioxide carrying capacity of buffers 


Both the demonstration and measurement of the CQ, carrying 
capacity of a buffer solution are facilitated by the use of a graphic 
method, which we shall later use to demonstrate the CQO: carriers of 
the blood, and for the illustration of which the above data will serve. 

If we draw a curve, expressing BHCO; values as ordinates, HCO; 
values as abscissae, the curve will be a straight line for all points corre- 


sponding to any given <a ratio, and the line will rise more or 
2 3 


HCO; 

0 H2COs; 

constant AGO, ratio indicates a constant pH. Consequently we are 
2 3 


less steeply according as the ratio is great or small. Buta 


able by a series of straight, slanting lines on a diagram arranged as 

..,, BHCOs; 
described to express all possible CO, 
grams of this nature have been introduced by Haggard and Henderson 
(1919) for construction of their “CO, diagrams” of the blood. 

For our purpose, we wish to express as ordinates the total H,CO; 
+ BHCO; rather than the BHCO; alone. The rectilinear pH line 
may still be used, but the calculation of the locus of the line is slightly 
more complicated. Since it is customary in physiological experiments 
to express the free CO, in terms of CO, tension, or the mm. of total 
atmospheric pressure due to the fraction which consists of COs, it is 
convenient also to use as abscissae units of CO, tension. It is permis- 
sible to use CO, tension in place of HCO; concentration because, 
according to the laws of gas solubility, the tension in the gas phase 
is proportional to the concentration in the solution. 


ratios and pH values. Dia- 


Since at 38° (Bohr, 1905) water in contact with pure CO, at 760 mm. tension 
dissolves 55.5 volume per cent of CO, the free CO, (or H,CO;) of a water solution 
in equilibrium with CO, at 38° and po, mm. of tension may be calculated as: 


PCO: 
760 
For blood serum Bohr found that the solubility coefficient was 0.540, slightly 
less than for water, and for whole blood it was 0.511. Consequently: 


For water, volumes per cent CO, as H,CO; = 55.5 x 





= 0.073 pgo,: 
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Poo. 
For blood serum, volumes per cent CO, as H,CO;=54.0 X = = 0.0711 p,,..- 
] : 


Po 
For whole blood, volumes per cent CO, as H,CO; = 51.1 X = = 0.0672 poy: 


The total CO, content of a water solution under Poo, mm. of CO, tension is there- 
fore calculated as BHCO; + H,CO; = BHCO; + 0.073 Poo." 


BHCO; Total CO, — 0.073 Poo. 


The rati = 
re ee 0.073 Poo, 











BHCO 
Designating the ratio * as R we have 


H,CO; 


Total CO; 
Poo: ~ 0.073 (R + 1) 





For locating the pH lines, one calculates R for the desired pH values from the 
equation log R = pH — 6.10, and then, inserting a convenient value for the 
total CO, in the above equation, calculates the tension, pao., corresponding to 
the point on the line through which the pH line passes. 

If the chart is prepared for whole blood the factor 0.0672 is used in place of 
0.073; if for serum or plasma, the factor 0.0711. 

The calculation is really simple. For example, if we choose 75 as the total CO, 
line on which to lay off our tension values, the latter are calculated,as 


Z 75 1027 
Poo: ~ 9.073(R+1) R+1’ 





for a water solution, or as 


75 1115 
= = ——— for wh lood. 
Poo = 00672 (R4+) R+1 or whole blood 





Figure 2 is drawn in the manner described. The level of point A 
represents the CO, content of the solution (BHCO; + H.,CO; = 67.20 
+ 3.79 = 70.89) at pH 7.35, B represents the content after the tension 
has been raised sufficiently to change the pH to 7.25. The vertical 
distance A’B represents the total capacity of the solution to take 
up CO, between the pH limits 7.35 and 7.25. The slight distance from 
the line AA’ to C represents the CO, capacity of the bicarbonate 
alone, the remainder of the capacity is due to the phosphate. 

The slant of the line AC represents the increase in free HeCO; caused 
by increasing the CQO, tension, the increase being 0.073 volume per 
cent for each mm. increase in CO, tension. 

The vertical distance of point C above the line AA’ represents the 
increase in HCO; sufficient to have brought the bicarbonate solution 





+ <Spagees 











> Siaypees 








THE CARBON DIOXIDE CARRIERS OF THE BLOOD 153 


to pH 7.25 had no buffer other than the bicarbonate been present; it 


therefore represents the relatively slight CO. carrying capacity of 0.03 
M NaHCO; solution from pH 7.35 to 7.25. 
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Fig. 2. CO, carrying power between pH 7.35 and pH 7.25 (indicated on chart. 
as CO, capacity) of a solution containing 0.05 m phosphate and 0.03 m NaHCOs. 
Vertical distance from line A—A; to point B = total CO, power. 


Vertical distance from line A—A, to point C = CO, carrying power of NaHCOs. 
Vertical distance from line C to B = CO, carrying power of phosphate. 


The carbon dioxide carrying capacity of the buffers of the blood 


Experimental evidence that both cells and plasma contain buffers 
other than bicarbonate and that the cells are several times richer in 
such buffers than the plasma, was published as long ago as 1868 by 
Zuntz. He determined the CO, absorption curves of whole blood and 
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separated serum, precisely as have Joffe and Poulton (1920), sub- 
tracted the physically dissolved CO, from the total COs, as we have 
done in this paper in plotting figure 3, and thereby differentiated 
between free and combined CO,.. His data appear of such interest 
that we report in table 2 the results of one of his experiments. 

The increase in combined CO, in whole blood was over three times 
as great asin serum. Although the dissociation theory was still unborn 
and the law of mass action unrecognized, Zuntz nevertheless did not 
fail to understand the significance of his results, and concludes (trans- 
lation) ‘‘From the above it is beyond doubt that the substances which 
bind carbonic acid in varying proportions belong almost entirely to the 
cells.” Zuntz furthermore was of the opinion that these substances 
were alkali-protein compounds, and present data indicate that such 
compounds actually do constitute the most important carbon dioxide 
carriers in the blood. 

TABLE 2 


Experiment of Zuntz with horse blood and serum equilibrated at 0° with air 
containing varying percentages of CO,. Barometer = 758-760 





CO: IN SERUM CO: IN WHOLE BLOOD 

















CO: IN AIR a eee oe 
Total Combined Total Combined 
vol. per cent vol. per cent vol. per cent | vol. per cent Reyes —_ 
22.9 69.3 38.0 | 95.6 26.3 
100.0 180.5 44.3 233 .4 | 47.9 
Difference. ... 111.2 6.3 | 137.8 | 21.6 








The experiments of Zuntz, however, were like some more recent 
ones, performed over ranges of CO, tension such as never occur in the 
living body, and therefore could not lead to quantitatively accurate 
conclusions concerning the part which the ‘CO, binding substances’’ 
play in the actual physiological regulation of the blood reaction. 

Joffe and Poulton (1920) have recently published experiments which 
are of a nature peculiarly well adapted to show the effectiveness of the 
blood buffers as carbon dioxide carriers at reaction ranges within 
physiological limits. Furthermore their results demonstrate another 
and most interesting fact, viz., that the richly buffered cells are able, 
under the influence of changes in reaction, to transfer their buffer 
effect to the relatively poorly buffered plasma, so that the latter, when 
in contact with the cells becomes as efficient a CO: carrier as the former. 
The cell buffers themselves are chiefly hemoglobin and phosphate. 
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The former cannot diffuse out into the plasma, and the latter does not. 
There must consequently be some mechanism by which the cell buffers 
can, so to speak, act at a distance. The mechanism by which this 
is attained is so important that we shall devote a later section to its 
discussion. ; 7 

In figure 3 we have reproduced the CO, absorption curves published 
by Joffe and Poulton, together with pH lines arranged as in figure 2 
to make possible a comparison of the effectiveness of the buffers of the 
three fluids acting over a definite reaction range, pH 7.35 to 7.25. 

There are other reliable blood CO, absorption curves in the litera- 
ture from which the CO, carrying capacity may be estimated, and the 
power of the cell buffers to affect the plasma has also been studied. 
The peculiar value of the data of Joffe and Poulton for our demon- 
stration, however, lies in the fact that they determined on the same 
blood: a, the amounts of CO, absorbed by whole blood under varying 
CO, tensions; b, the CO, contents of serum samples centrifuged from 
the blood after the latter had been equilibrated at the varying CO, 
tensions (the curve so obtained the authors term the CO, absorption 
curve of ‘true serum’’); c, the amounts of CO, absorbed by serum 
centrifugated from the cells of the freshly drawn blood, and then 
equilibrated, separately from the cells, with different tensions of COs. 
This is called the ‘‘separated serum.” 

In constructing figure 3 it has been necessary to draw two pairs of 
PH lines, one pair for whole blood, the other for serum, because of the 
differences in solubilities of CO, in whole blood and serum, respec- 
tively, which have been previously discussed in connection with the 
construction of such diagrams. 

A glance at the slopes of the three curves in figure 3 is sufficient to 
show that the separated serum has only a fraction of the buffer effect, 
and consequent CO, carrying capacity, of the whole blood, while the 
true serum approximates the whole blood in these respects. The quan- 
titative relationships of the three carbon dioxide carrying capacities 
are indicated graphically by the vertical distances, indicated by brack- 
ets, which show the volumes per cent of CO, taken up by whole blood, 
true serum, and separated serum respectively in passing from pH 7.35 to 
7.25. This pH difference is greater than that ordinarily found between 
venous and arterial blood, but it does not appear to be outside the 
range of physiological possibilities, and we have preferred it to a shorter 
range for the present chart, in order that the differences may be large 
enough to keep the errors of calculation low. 
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In figure 3 the points SS,, SS, SS3, etc., have the same relative 
significance as the points A, C, and B respectively in figure 2. The 
vertical distance between the horizontal lines on which SS; and SS; 
are located indicates the total CO, carrying capacity of the separated 
serum within the pH limits 7.35 and 7.25; the vertical distance between 
the levels of SS, and SS, indicates the portion of the CO, carrying 
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Fig. 3. CO. carrying powers (indicated as ‘‘CO, cap.’’) between pH 7.35 and 
pH 7.25 of oxygenated whole blood, of its true serum, and of separated serum. 
Data of Joffe and Poulton. 


capacity that is due to the bicarbonate alone. Similar points on the 
true serum curve are indicated as 7'S,, T'S. and T'S;, respectively, and 
on the whole blood curve by WB, WB., and WBs. 

From the data carried from figure 3 to table 3 it is seen that the 
total CO, carrying capacities between pH 7.35 and 7.25 are, for whole 
blood, 8.0 volumes per cent, for ‘‘true serum” 9.4, and for “separated 
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serum” 2.6. When we subtract the amount of CO, that the bicar- 
bonate present alone would take up, the values, due to other buffers, 
are 7.5, 8.8 and 2.0 volumes per cent. 

It is evident, first, that within physiological limits as well as under 
Zuntz’s experimental conditions, serum is less than one-third as richly 
buffered with CO, carriers as is the whole blood; and second, that when 
the same serum is in contact with the cells during a change in reaction, 
the cells loan it sufficient of their buffer effect to eliminate the differ- 
ence between them. As a matter of fact, our calculations indicate that 
in changing from pH 7.35 to 7.25 the true serum took up even more 
CO, (9.4 volumes per cent) than the whole blood (8.0 volumes per cent). 


TABLE 3 
Results determined from figure 3 


























WHOLE BLOOD | TRUE SERUM ee 
CO: | CO: | COs | CO: | CO: | Cor 
tension| content) tension) content) tension| content 
mm. a taal mm. > mm. ha a 
Py) SS ey eee em Tr ty 32.4 | 40.8 | 38.5 | 51.6 | 40.5 | 54.1 
BE. «. \. a0 - dbanixdwes adbh ski eeeee 48.0 | 48.8 | 56.0 | 61.0 | 52.0 | 51.5 
NG 5. ik a oS chtine deh GU ewan 15.6 | 8.0/ 17.5) 9.4) 11.5] 2.6. 
CO, carrying capacity due to bicarbon- 
Cen cas oe rudseniandukisieaadene 0.5 0.6 0.6 
CO, carrying capacity due to buffers 
other than bicarbonate.............: 7.5 8.8 2.0 














The difference hardly exceeds the possible error, however, in the dif- 
ference between two CO, determinations, and we can merely say that 
in the oxygenated whole blood the CO, carrying buffer power is about 
evenly divided between serum and cells, although in actual buffer 
content the serum is less than one-third as rich as the whole blood, and 
therefore presumably less than one-sixth as rich as the separated cells. 

Blood has been submitted to fairly complete chemical analyses, and 
it is practically. certain that it contains no substances in considerable 
amount of which we do not have at least sufficient knowledge to tell 
whether or not they can act as buffers, i.e., whether or not they are 
salts of weak acids or bases. An examination of the constituents 
reveals among those present in amounts sufficient to have significant 
effect, only the proteins, the bicarbonate, and the phosphate, which 
can be expected to act as CO, carrying buffers. 
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* The bicarbonate, as indicated by table 3, is responsible for only about 
os or 6 per cent of the total CO, carrying power of oxygenated whole 
blood between pH 7.35 and 7.25. 

+ Of the rédle played by the phosphate we must rely on rough calcula- 
tion based on unsatisfactory data. So far as we know, determinations 
of the inorganic phosphate in human blood are not available. Abder- 
halden (1898), however, published such figures for ox blood, and we use 
them in want of more direct data. His results indicate 1.30 gram of 
inorganic P.O; per 1000 grams of corpuscles, equivalent to 0.018 m 
PO,” concentration in the cells. In the plasma the amount is only 
0.001 m. To estimate the part which the phosphate may play in the 
total CO. carrying power of the blood, we will assume that the phos- 
phate is divided evenly through cells and plasma, as its buffer effect 
presumably is, reducing the PO,’” to 0.009 m, and will compare this 
amount with that which gives the effect indicated in figure 2. In the 
latter, it is shown that a phosphate of 0.05 m concentration is capable 
of taking up 11 volumes per cent of CQO, in passing from pH 7.35 to 
7.25. A phosphate solution of 0.009 m is only 18 per cent as concen- 
trated, and can be expected to take up about 0.18 as much CO, over the 
same pH range. 0.18 X 11 = 2.0 volumes per cent. This would 
attribute to the phosphates about 25 per cent of the CO, carrying capac- 
ity of oxygenated blood. We are, however, entirely uncertain as to 
whether Abderhalden’s ox blood figures bear any relation to those of 
the human blood with which Joffe and Poulton worked, and the above 
estimation can serve only to indicate the general magnitude of the 
part that the CO, carrying power of phosphates may play in that of 
the whole blood. 

Concerning the part which hemoglobin plays, Campbell and Poulton 
(1920) have published results which enable us to make an approximate 
computation. These authors have determined the CQO, absorption 
curve of a solution of hemoglobin (laked red cells) which was dialyzed 
until free from diffusible substances. To the solution thus obtained 
sodium bicarbonate was added in amount sufficient to make its con- 
centration 0.041 n, which gives a total base concentration to be bound 
by CO, and proteins together of the same order of magnitude as in 
blood. In figure 4 we have reproduced the curve of the oxyhemo- 
globin solution so that the CO, carrying power between pH 7.35 and 
7.25 can be estimated as in figure 2. Since the protein concentration 
of about 8 per cent approximates that of the plasma, we have used 
the solubility figures for CO, in plasma in drawing the pH lines. 
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From figure 4 we see that the total CO, carrying capacity of the 
hemoglobin solution between pH 7.35 and 7.25 is about 4 volumes per 
cent, of which 1.0 volume per cent is due to the bicarbonate, 3 volumes 
per cent therefore to the hemoglobin. Campbell and Poulton deter- 
mined that the hemoglobin content of their solution was 52 per cent 
that of normal blood on the Haldane scale. Hence to compare the 
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Fig. 4. CO, carrying power of a solution of dialyzed hemoglobin. Hemoglobin 


concentration corresponds to oxygen capacity of 9.6 volumes per cent. Data of 
Campbell and Poulton. 


buffer effect with that of the hemoglobin in normal blood, we must 
multiply it by ae raising it to 5.8 volumes per cert. In the whole 


blood (table 3, fig. 3) we found 8.0 volumes per cent of CO, carrying 
power. If all the determinations and calculations were accurate, also 
the assumption that the blood used by Joffe and Poulton contained 100 
per cent of hemoglobin, the above data would indicate that hemoglobin ° 
100 X°*5.8 
8.0 
power of the oxygenated blood. 


is responsible for 





= 73 per cent of the total CO, carrying 
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We cannot state too emphatically that the data on which this caleu- 
lation is based are only semi-quantitative. The exact hemoglobin 
content of the whole blood used by Joffe and Poulton, which we have 
used for comparison, is not given; it may have been 90 to 120 per cent 
of Haldane’s average normal instead of 100 per cent, as is assumed. 
Furthermore, the individual CO, determinations of Campbell and Poul- 
ton on the dialyzed hemoglobin solution are so scattered on both sides 
of the curve that the accuracy of the latter is uncertain. They are the 
only data available, however, and uncertain as they are they indicate 
the probability that the hemoglobin is chiefly responsible for the buffer 
effect of the cells, and of the entire blood. 


TABLE 4 
Estimated approximate distribution of CO, carrying power among buffers of 
oxygenated blood 

















CO: CARRYING POWER OF - 
BUFFER SEPARATE BLOOD = | CO, caRRYING POWER 
pH 7.35 and 7.25 OF J. J.'8 BLOOD 
vol. per cent per cent 

ST ED ee 0.5 6 
SII. ssc ccceccccrcvces 1.0 13 
GOD, . cvs csesccccpeccess 2.0 25 
Oxyhemoglobin.................... 5.8 72 
Total by addition................. 9.3 116 
Total observed in J. J.’s whole 

i ein ute ens 8.0 100 





Remembering that the phosphate analysis cited above is from a 
sample of ox blood, that the hemoglobin in the normal human blood 
was not determined and is only estimated to be the average normal, and 
that Campbell and Poulton’s dissociation curve for dialyzed hemoglobin 
is not very accurate, it must be confessed that the data could hardly 
be less satisfactory for estimating the relative parts that the different 
buffers play in the total buffer effect of the blood. Taking the data 
for what they are, however, they indicate the distribution of the blood 

buffers shown in table 4. 
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DISCUSSION OF THE MECHANISM BY WHICH BUFFER EFFECTS ARE 
EXCHANGED BETWEEN CELLS AND PLASMA 


The experiments of Zuntz (1868) cited above proved that the corpus- 
cles are freely permeable to carbonic acid, but the first evidences that 
change in CO, tension causes a shift of other electrolytes between blood 
cells and plasma are apparently due to Giirber (1895). Giirber observed 
than when pure CQ, is passed through blood the alkali titratable with 
methyl orange in the serum increases. The increase was presumably of 
bicarbonate. Such increase could be due either to diffusion of alkali 
out of the cells, or of acid into them. By ash analyses Giirber deter- 
mined that no Na or K had passed into the serum, but that sufficient 
Cl had left it and entered the corpuscles to account for the merease in 
serum bicarbonate. The apparent explanation was that when minute , 
amounts of HCl were formed by interaction of HeCO; and NaCl, such HCl 
at once passed into the cells. Such a phenomenon could be illustrated 
by the following diagram: 


cell ‘cell 
————> 
wall | interior 





H.CO; + NaCl = NaHCO; + (Hcl)— 


The effect of such a reaction would be to increase the plasma NaHCO; 
in response to increase in H2CQOs;, and thereby to cause the increase in 
the CO, carrying power of the plasma over that of separated serum 
which we have previously discussed in connection with Joffe and Poul- 
ton’s results. 

Giirber’s experiments were conducted by passing pure CO, through 
blood, so that the range of CO, tension was altogether outside of physi- 
ological possibilities. Similar criticism applies to the recent experi- 
ments of Fridericia (1920). Van Slyke and Cullen (1917), however, 
found that the Cl transfer was sufficient to account for 72 per cent of 
the alkali increase in the plasma that was observed when the H,CO; 
was raised from 0.0013 to 0.0024 m, both of the latter values being within 
the physiologically possible range. De Boer (1917) demonstrated that 
SO, anions are transferred in the same way as Cl; but the amount of 
sulfate in the plasma is so small, 0.002 m, that the proportion of it shifted 
could hardly have a measurable effect on the total alkali content. Ham- 
burger (1916) has published evidence showing that to some extent 
cations, Na and K, take part in the shift. The cation shift must be at 
most, however, slight compared with the anion transfer. It may be 
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stated that the acid-base transfer between cells and plasma is carried 
out chiefly by the anions Cl’ and HCO’;. 

Below is a diagram which although from lack of available data, it 
is necessarily incomplete, nevertheless appears to represent the chief 
buffer factors that maintain the constancy of the blood pH, and to indi- 
cate the anion exchange that makes the cell buffers available to the 
plasma. The equilibria as written are all shifted from left to right by 
increase in H:,CQ;. 





PLASMA CELL WALL CELL 





(1) H,CO; + NaCl = NaHCO; 


+ HCl + HCl— | (3) HCl + K,HPO, = KH,PO, 
+ KCl 
(2) H,CO; + Na Protein = 
NaHCO; + H Protein (4) pred ‘4 KHbO = HHbO + 
(5) HCl + KHb = HHb + 
KCl 


=> H,CO; => (6) H,CO; + K,HPO, - 
KH,PO, + KHCO; 

(7) H,CO; + KHbO = HHbO 
+ KHCO, 

(8) H,CO; + KHb = HHb + 
KHCO, , 











“‘Na Protein” is used to indicate the total alkali salts of the plasma 
proteins, “‘H Protein” the free proteins not combined with base. Sim- 
ilarly ““ KHbO” and “HHbO” are used to indicate the alkali salt of oxy- 
hemoglobin and the oxyhemoglobin not combined with alkali, respec- 
tively. “‘KHb” and “HHb” are used similarly for reduced hemoglobin. 
In the plasma the base is indicated as Na, in the cells as K, to indicate 
the fact that, in human blood at least, these two bases predominate in 
ithe two locations, and do not diffuse freely from one to the other. There 
is, of course, some K in the plasma, and some Na in the cells, which the 
above diagram fails to show. 

In regard to the quantitative relationships among the reactions indi- 
cated in the diagram, our incomplete knowledge permits the following 
statements. 

Reaction 1, with perhaps lesser reactions which end in other electro- 
lyte transfers to the cells, accounts for two-thirds to three-fourths of the 
total bicarbonate formed in the plasma of whole blood by a rise in 
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H.CO; such as to cause a pH change within the normal range. This is 
shown by the fact that an increase in H2CO;, sufficient to change the 
pH from 7.35 to 7.25, caused in the separated serum of Joffe and Poul- 
ton less than one-third as great a rise in BHCO; as in the true serum, 
in which the cells were present. The removal of the HCl from plasma 
by transfer into the cells makes it possible for Reaction 1 to proceed to 
a measurable degree. When cells are absent it cannot do so, and in 
the separated plasma only Reaction 2 can occur to a measurable extent. 

Reaction 2, it follows, accounts for one-third to one-fourth of the 
BHCO; formed in the plasma of whole blood when the H2COQ; is in- 
creased within physiological limits. In the separated serum, presum- 
ably it accounts for practically the whole rise. 

In the cells, the sum of the total BHCO; formed by Reactions 6, 7, and 
8 is approximately equal to the BHCO; formed by Reactions 1 and 2 in 
the plasma (see for example parallel slopes of “true serum” and whole 
blood curves in figure 3). If the HCl shift is equivalent to 3 to ? of 
the NaHCO; formed by Reactions 1 and 2, it follows, from the above 
paragraph, that Reactions 3, 4, and 5 together are equivalent to about 
2 to 2 of Reactions 6, 7, and 8 combined. If this proves correct, then, 
for a given amount of bicarbonate formed in the cells, 3 to ? as much 
chloride is taken in from the plasma. 

The CQ, carrying power of the phosphates in the cells, if PO, should 
approximate the same concentration in human as in ox cells (0.018 m) 
would be about 4 that of the oxyhemoglobin for a change of pH over 
the range 7.35-7.25 (see table 4). Reactions 3 and 6 together would then 
be about equivalent to 4 of the other 4 reactions in the cells. The data 
on the hemoglobin buffer effect and on the phosphate concentration 
are so uncertain, however, that the above estimate has only the validity 
of a rough approximation. 

Furthermore, the data. used have been obtained entirely with oxygen- 
ated hemoglobin, so that only Reactions 4 and 7 with hemoglobin were 
concerned. By reduction of the oxyhemoglobin, or part of it, so that 
Reactions 5 and 8 come into play, relationships are essentially altered, 
since, as previously stated (p. 147) reduced hemoglogin as a buffer is 
quite different from oxyhemoglobin. The effect of oxygen changes 
on the buffer action of hemoglobin is of great importance in regulating 
the blood reaction, and we shall consider it in the following section. 
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THE PART OF THE OXYGEN EXCHANGE IN THE CAPBON DIOXIDE CARRYING 
CAPACITY OF THE BLOOD 


We have shown that the oxygenated normal blood investigated by 
Joffe and Poulton could in changing its reaction from pH 7.35 to 7.25 
take up 8 or 9 volumes per cent of CQ,. Half as much CQ, would be 
about the normal difference between arterial and venous blood in a 
resting man, and would involve a pH change of only 0.05. The normal 
arterial-to-venous change was calculated by Parsons (1917) from elec- 
trometric measurements, however, to be only 0.02, and Peters and Barr 
(1921) in three normal men calculated differences of only 0.01 to 0.00. 
It appears that there is still another factor, besides those which we have 
studied, which assists in neutralizing the carbonic acid that the blood 
receives in the tissues. 

Christiansen, Douglas and Haldane (1914) were led to a similar con- 
clusion by a comparison of the CO, tension changes on the absorption 
curve of oxygenated blood with the differences estimated between ar- 
terial and venous CQ, tensions in the lungs. The latter averaged 5 to 6 
mm., while changes of 15 or 16 mm. were required to make oxygenated 
blood at 38° in vitro take up as much CQ, as does the venous blood in 
vivo. The added factor in stabilizing the CO, tension was demonstrated 
in a notable paper by these authors to be the change which hemoglobin 
undergoes as it loses oxygen to the tissues and absorbs it in the lungs 
while carbon dioxide is passing in the reverse directions. These authors 
found that normal blood at 38° and any given CO, tension within the 
extreme physiological range (30-70 mm.) absorbed from 5 to 6 volumes 
per cent more CO, if the gas mixture with which the blood was equili- 
brated was CO, + He, than if the gas mixture was CO, + air. The only 
conceivable effect of‘the hydrogen as compared with the air was in its 
effect on the state of oxygeriation of the hemoglobin. The conclusion 
was reached that the change from oxy- to reduced hemoglobin in the 
tissues enables the blood to take its required load of CO, with relatively 
as small an increase in CO, ténsion as that (5-6 mm.) which these 
authors calculated from alveolar air analyses. 

From the data of Christiansen, Douglas, and Haldane, it is possible 
to demonstrate, as a matter of fact, that reduction of the blood can 
enable it to take up 5.5 volumes per cent of CQ, and still not only main- 
tain, but increase the alkalinity, because the increased CO, is all in the 
form of bicarbonate. At 40 mm. CO, tension, their curves give the 
total CO, contents tabulated below, from which the pH values are cal- 
culated as follows: 
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TOTAL CO: 

















CO: - pu = 

vol. per cent vol. per cent vol. per cent 
Oxygenated blood. . 51.5 2.69 48.8 7.36 
Reduced blood..... 57.0 2.69 54.3 7.40 








It is evident that H,CO; must be added to the blood when it is re- 
duced, or it will actually become more alkaline. 

If we accept Campbell and Poulton’s estimate of the acid dissociation 
constant of oxyhemoglobin, and accept L. J. Henderson’s estimate of 
the smaller constant for reduced hemoglobin, we may calculate the 
amount of alkali which the hemoglobin of normal blood would give up, 
a, in passing from pH 7.35 to pH 7.33; b, in losing its oxygen and 
changing to reduced hemoglobin. Campbell and Poulton estimated 
from the curve we have reproduced in figure 4 that when all the hemo- 
globin in their solution was in the form BHbO, the amount of alkali 
thus bound was sufficient to combine as bicarbonate with 51.3 cc. of 
CO, per 100 cc. of solution. Since their solution contained only 52 
per cent as much hemoglobin as normal blood, the alkali binding 


power of the hemoglobin in blood may be estimated as equivalent to 
a = 99 cc. of CO, per 100 ce. of blood. 

We may then estimate, by the method previously illustrated on pages 
148-150 in calculating the CO, capacity of a bicarbonate-phosphate 
solution, the amount of base which the hemoglobin will yield to combine 
with H,CO; in changing over a definite pH range. As such a range 
we shall take that from pH 7.35 to 7.33, since the normal difference 
between arterial and venous blood is found to be only pH 0.02 (Parsons, 
1917). We shall express the data in terms of CO, equivalents. 

The acid dissociation constants, Ko and Kr, of oxygenated and 
reduced hemoglobin respectively, as calculated by L. J. Henderson 
(1920) require revision in the light of the results of Campbell and 
Poulton (1920), who showed that the base-binding power of the oxy- 
hemoglobin in 100 cc. of normal blood is equivalent to that of .99 ce. 
of COsz, instead of the 18 cc. assumed, in the lack of other available 
data, by Henderson. Inserting 99 in place of 18 as a constant in 
Henderson’s (1920) calculations, we have Ko = 6.9 X 10-8 and Kz = 
4.9 X 10-8. The negative logarithms of these values are pKop = 7.16 
and pKp = 7.31. Using these values, we calculate as follows: 
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g BHO . 7.35 — 7.16 = 0.10 
HHbO 
a0 4.55 
HHbO 
BHbO = 60.2 


Similarly at pH 7.33 


2 nemo = 7.33 — 7.16 = 0.17, whence BHbO = 59.1 
© HHbO 


If we now reduce all of the oxyhemoglobin to reduced hemoglobin, we 
have with pH still remaining at 7.33 


Log —— BED = 7.33 — 7.31 = 0.02, whence BHb = 50.6 
HHb 


We have therefore yielded 

1. By oxyhemoglobin in changing from pH 7.35 to 7.33 sufficient 
base to combine with 60.2 — 59.1 = 1.1 ec. of COx. 

2. By oxyhemoglobin in being altered at pH 7.33 to reduced hemoglo- 
bin, sufficient base to combine with 59.1 — 50.6 = 8.5 ec. of COs. 
« Normally, however, only about one-third of the oxyhemoglobin is 
reduced in passing from arteries to veins, so we divide the 8.5 ec. by 
3, making 2.83 cc. of CO, estimated as bound by the alkali set free as 
a result of the loss of oxygen. 


* *«We therefore estimate that the hemoglobin of normal blood, in pass- 


ing from pH 7.35 to 7.33, and in being one-third reduced from oxy- to 
reduced hemoglobin, frees sufficient alkali to combine with 1.10 + 2.83 
= 3.93 cc. of CO, per 100 cc. of blood. If we assign to the blood buffers 
other than oxyhemoglobin one-half of its CO, carrying capacity over the 
given pH change, as seems to be approximately correct, they will add 
0.55 cc. to the above amount, making 4.48 cc. of CO, taken up. To 
this we must add the CO, taken up as H.CO;. At pH 7.33 the ratio 


ee be. Consequently in increasing the BHCO; by 4.48, we 
2 3 


1 4.48 


increase the H,CO; by —_—* 0.26 ec., making the total increase 


4.48 + 0.26 = 4.74 ec. of CO, per 100 cc. of blood. The increase in 
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0.26 


CO, tension accompanying the entire change is ——_- = 3.9mm. The 
0.0672 
. . CO, . 4.74 
respiratory quotient, 9, is ry; = 0.79, a normal value. 
2 . 


The maintenance of the normal gas exchange of the organism with 
a difference of only 0.02 in pH between arterial and venous bloods is 
therefore explainable on the basis of the available physico-chemical 
data. The maintenance of an absolutely isohydric exchange, however, 
would not be thus explainable. It would require that without change 
in pH the absorption of each cc. ‘of O, should cause the loss of at 
least 0.7 cc. of CO2, since for each cc. of O, consumed the organism 
forms from 0.7 to 1.0 cc. of CO. The data of Christiansen, 
Douglas, and Haldane (1914) as shown in figure 2 of L. J. Hender- 
son’s paper (1920) indicate that at the normal H+ value of 4 x 10° 
(pH = 7.4) complete loss of O, (18 cc.) causes isohydric absorption 
of only 8 cc. of COs, instead of the minimum required volume of 
0.7 X 18 = 12.6 ce. 


L. J. Henderson calculates that, although hemoglobin, like all proteins, is 
amphoteric and therefore capable of combining with acids, yet under the con- 
ditions of CO, tension and pH that exist in vivo, it cannot possibly combine di- 
rectly with more than 1 or 2 volumes per cent of CO,. AsCO,carriersoxygenated 
and reduced hemoglobin function not through direct combination of the protein 
molecule with CO, but through acting as buffers, holding reserves of K and Na, 
which are given off to transform H,CO; into BHCO; according to the laws of 
mass action whenever the H,CO; concentration is increased. Further confirma- 
tion of this viewpoint is afforded by the results of Campbell and Joffe (1920) 


‘ who showed that so long as conditions keep the pH within the normal physio- 


logical range, addition of oxyhemoglobin to alkali solutions does not increase, 
but diminishes, the amount of CO, combined at a given tension, the oxyhemo- 
globin competing with the CO, for the alkali, which the two substances divide 
according to their relative strengths as acids. It is only at pH ranges more 
acid than can exist in the circulation that hemoglobin combines with significant 
amounts of CO,. We believe that data in the papers of Henderson, and of Camp- 
bell and Poulton, make untenable the view that hemoglobin acts to a significant 
extent as a CO, carrier by combining directly with the CO, in the blood. 
Haggard and Y. Henderson (1920) have recently thrown some doubt on the 
validity of’ applying physiologically the results of Christiansen, Douglas and 
Haldane. Haggard and Henderson tend to the opinion that the peculiar effect 
of oxygenation and reduction on the CO, absorption curve of blood may be the 
result of a property artificially conferred on the blood by the process of defibrin- 
ation, which was used in all of Christiansen, Douglas, and Haldane’s experiments. 
In support of this view they give data indicating that oxalated blood, which they 
consider to be less altered from the natural circulating fluid than is defibrinated 
blood, does not show any oxygen effect on its CO, absorption curve. The assump- 
tion that oxalated blood is nearer to nature than defibrinated might readily be 
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questioned. The experimental fact that oxalated blood does not show the oxy- 
gen effect, however, is one which Peters has attempted to confirm in the writer’s 
laboratory with consistently negative results: defibrinated and oxalated bloods 
have shown within the limit of experimental error identical oxygen effects on their 
absorption curves. It does not appear to the writer that any valid reason exists 
for doubting the physiological significance of the results of Christiansen, Douglas, 
and Haldane. 


THE COMBINED EFFECT OF THE BUFFERS AND THE OXYGEN EXCHANGE IN 
ENABLING THE BLOOD TO CARRY ITS CARBON DIOXIDE WITH A 
NORMAL CONSTANCY OF REACTION 


It remains to show the combined effect of the factors, which we have 
discussed in the preceding pages, in enabling the blood to take up the 
amounts of carbon dioxide which it does in passing from the arteries 
to the veins with the slight amount of reaction change which is observed. 

For this demonstration we use the published CO, absorption curves of 
J. 8. H. (Christiansen, Douglas and Haldane, 1914) and of J. J. (Joffe 
and Poulton, 1920). By means of them we shall estimate the changes 
which the blood undergoes when, starting completely oxygenated and 
with a reaction of pH 7.35, it progressively absorbs CO, and simultane- 
ously loses volumes of oxygen sufficiently larger to maintain the normal 
respiratory quotient, 0.8. 


In allowing for the effect, discussed in the preceding section, of the change 
from oxyhemoglobin to reduced hemoglobin on the CO, absorption curves, we 
have used an empirical formula which Peters (Peters and Barr, 1921) has devised. 
It expresses two assumptions, which hold with a close approximation to constancy 
over the normal range of CO, tension. (1) that the increase in volumes per cent 
total CO, caused by complete reduction of oxygenated blood at constant CO, 
tension is constant; (2) that for partial reductions, the effect on the CO: content 
is proportional to the reduction. In totally reduced blood the oxygen unsatura- 
tion is equal to the oxygen capacity, or 18.5 cc. of O, per 100 cc. of blood. (The 
oxygen unsaturation is the difference between oxygen content and total oxygen 
capacity, and represents the reduced hemoglobin.) If the increase in CO, con- 
tent caused by total reduction of the hemoglobin is represented by N, the increase 
in CO, caused by an intermediate reduction is estimated as equal to the volume 


N 
per cent of oxygen unsaturation Xie 5° From the data of Christiansen, Douglas 
and Haldane (1914) and of Joffe and Poulton (1920) Peters finds the average value 


N 
of N for CO, tenslons between 30 and 70 mm. to be 6.5, and a5" 0.35. 


If we indicate by D the CO, increase due to oxygen loss, 


D = 0.35 X volumes per cent of oxygen unsaturation. 
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A theoretically exact formula could be based on the dissociation con- 
stants of the two forms of hemoglobin and the mass law principles ex- 


pressed in the equations pH = pK, + log psig and pH = pK, + 
BHb HHbO 


log HD’ but, considering the uncertainty of the exact value of pK, 


in at least the second of these equations, and the accuracy and simplic- 
ity of Peters’ empirical formula, the latter seems at present preferable. 

The relationship, between the increase in CO, content caused by any 
given increase in CO, tension in the oxygenated blood, and the increase 
in CO, content caused when the CQ, increase is accompanied by an 
oxygen loss 1.25 times as great, is calculated as follows. 


Let oAco, be the increase in CQ, content of oxygenated blood 
caused by a given rise in CO, tension, without loss of oxygen, 
and pAco, be the increase in blood CO, content caused by the 
same rise in CO, tension, with the simultaneous loss of sufficient 
oxygen to give a respiratory quotient of 0.8. 

OQ. = volumes per cent of oxygen lost, therefore of oxygen unsatur- 
ation. 


Then A... = 


CO. o4co: + 0.35 X Oe 


R 


A 
Se R~ CO: 
= o4co. + 0.35 X “08 


Whence r4co, = 1.78 o4co, 


Expressed in words the above equation means that the increase in 
total CO, of the blood, caused by a given rise in CO, tension, is further 
increased by 78 per cent if the blood loses during the change a volume of 
oxygen equal to 1.25 times that of the CO, it absorbs. In order to plot 
the actual CO, absorption curve of blood as it changes from arterial to 
venous, we must therefore add to each CQ, increase measured on the 
absorption curve for oxygenated blood, 78 per cent more in order to 
allow for the effect of the normally accompanying oxygen loss. 

In each chart (figs. 5 and 6) the heavy black curve AC represents the 
curve thus calculated, which may be called the true COQ, absorption 
curve of blood. The CO, absorption curve of oxygenated blood is never 
touched in the body, save at point A by arterial blood. In the circula- 
tion the blood ordinarily travels for about one-third of the length of the 
true absorption curve from A toward C, and then returns (in the lungs) to 
its starting point at or near A. Under conditions of stress (e.g., exer- 
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cise) the venous blood moves further toward C, but apparently never, 


except in anemic individuals, travels more than about three-fourths of 
the distance AC. 


In figures 5 and 6 we have drawn the pH lines through three points 


on the true CO: absorption curve AC. One is at A, which represents ar- 
terial blood. A is arbitrarily located in both bloods, for the purpose of 
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Fig. 5. Relative amounts of CO: carried by different agents in blood of J. 8. H. 
The CO; absorption curve of oxygenated blood is marked O, that of wholly 
reduced blood is marked R. 

Curve A C represents estimated absorption curve of blood in the body, when 
the respiratory quotient is 0.8. Entire curve A C represents maximum gas ex- 
change, all of oxygen (18.5 cc.) being given off, and 14.8 cc. of CO: absorbed, with 
a pH change from 7.35 to 7.26. 

Curve A B represents absorption of 5 cc. of COs, with change of pH from 
7.35 to 7.32. 


A D represents absorption of CO, that could occur in change from pH 7.35 to 
7.26 if no hemoglobin were reduced. 

The brackets on the right indicate the relative amounts of the added CO; 
neutralized at pH 7.26 by alkali supplied by the different carriers. 
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this demonstration, at pH 7.35, the average reaction of normal blood. 
A second point, B, indicates the conditions attending the absorption of 
5 ec. of COs, and the loss of 6.3 ce. of oxygen, about the amounts that 
are ordinarily exchanged during a circulation. The third point, C, 
indicates the limit of the possible gas exchange, as at this point the 
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Fig. 6. Relative amounts of CO: carried by different agents in the blood of 
J.J. 

The CO, absorption curve of oxygenated blood is marked O, that of wholly 
reduced blood is marked R. 
fi’ Curve A C represents estimated CO2 absorption curve of blood in the body, 
when the respiratory quotient is 0.8. Entire curve A C represents maximum 
gas exchange, all of the O, (18.5 cc.) being given off, and 0.8 as much, or 14.8 ce. 
absorbed, with a pH change from 7.35 to 7.325. 

Curve A B represents absorption of 5 cc. of COo, with loss of 6.3 ec. of On, 
increase of 5.0 mm. in CO; tension, and change of pH from 7.35 to 7.34. 

A D represents absorption of CO: that could occur in change from pH 7.35 
to 7.325 if no hemoglobin were reduced. 

If the slope of the CO: absorption curves were slightly greater, the line A C 
in the blood would fall upon the line of pH 7.35, and the gas exchange would be 
accomplished without change in pH. In this case, the HhO—Hb change would 
furnish all the alkali, the buffers none. 
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blood has lost all of its oxygen (18.5 ec.). In the course of this loss it 
has absorbed 0.8 as much CQkz, or 14.8 ce. 

In table 5 some of the data indicated by measurements on figures 5 
and 6 have been put into numerical form. In the “estimated division 
of CO, load among buffers” at the bottom of the table, the estimates 
are made on the assumption that the relative CO carrying powers of the 
different buffers of the blood are as represented in table 4 (p. 160). 
As stated previously, these estimates, especially that concerning the 
phosphate, are derived from data of only approximate accuracy, but 
with the possible exception of the phosphate, they may be taken as indi- 
cating roughly the relative parts that these factors play in carrying the 
blood’s total load of CQz. 

It is seen from the charts and table 5 that the known factors repre- 
sented in the curve AC permit both bloods to take up normal amounts 
of CO, with normal reaction changes, the blood of J. S. H., taking up 
5 volumes per cent of CO, with an increase of 0.03 in pH that of J. J. 
with an increase of 0.01. The CO, tension increases are also normal, 6.8 
and 5.0 mm. It therefore seems probable that we are acquainted with 
all the CO, carriers of importance. 

The point D indicates the rise in CO, that, had no hemoglobin reduc- 
tion occurred, would have resulted within the pH change which actually 
permitted 14.8 volumes per cent CO, increase. The vertical difference 
in the levels of C and D therefdre indicates the volumes per cent of 
CO, carrying capacity that are due to the change from the more acid 
oxyhemogfobin to the less acid reduced hemoglobin and vice versa. 

The extent that the buffer factors, other than the change HbO— Hb, 
play in enabling the blood to absorb CO, within the defined pH limits, is 
indicated on the charts. It will be noted that, not only is hemoglobin, 
by virtue of its loss in acidity on reduction, responsible for the greater 
part of the CO, absorption, but also that in carrying the remainder of 
the CO, by buffers, hemoglobin as a buffer plays the major part. The 
part of hemoglobin in the absorption of the physiologically maximum 
amounts of CO., indicated by the full distance of the curve AC, is 
shown in table 6. 

It is thus estimated that in the blood of J. S. H. 84 per cent of the total 
CO, carrying power is due to hemoglobin, in that of J. J. 94 per cent. 

It is significant that the blood of J. J., in which hemoglobin carried 
94 per cent of the CO., absorbed its CO. quota over a smaller pH range 
than did the blood of J. S. H. The two facts are necessarily related. 
The CO, carriers, other than the reaction by which oxyhemoglobin 
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changes to reduced hemoglobin and thereby frees alkali to form BHCOs, 
are simply buffers which give up alkali only when the reaction becomes 
more acid, and in proportion as it does so. If a blood should absorb 
CO, without any change in pH, which is not theoretically impossible, 
the sole carrier would necessarily be hemoglobin, because it is unique 
in its ability to provide alkali without being forced to do so by a rise in 
hydrogen ion concentration. 











TABLE 6 
BLOOD OF J.H.S. | BLOOD OF J. J. 
| 
vol. per cent | —— of | vol. per cent | P® goes | of 
motel CO, absorbed... .................. 14.8 | 100 | 14.8 100 
By HpO-HD change. ................... 8.8 5 | 12.6 85 
By hemoglobin as buffer...............| 3.7 25 1.4 9 
Total absorption due to hemoglobin....| 11.5 S4 13.0 Ot 














The calculations are, especially for J. J.’s blood, subject to certain 
approximations. We do not know whether the hemoglobin content of 
J. J.’s blood was the same as that of J. H.S. To the extent that it 
was different, our AC curve for J. J. is subject to proportional vari- 
ation. Also we are not certain that 7.35 is the exact pH value nor- 
mal for J. J.’s blood. Although in a given individual the pH appears 
to be very constant, in different individuals, according to present data, 
the pH may vary from 7.25 to 7.45 with 7.35 as the average. If J. J.’s 
arterial blood were normal at pH 7.25 instead of 7.35, the relative parts 
played by his different CO, carriers would vary less from those of the 
blood of J.8. H. It is regrettable that no figures are available for the 
purpose of our calculations which include all the desirable data on the 
same blood. In the case of the blood of J. S. H., however, it is fairly 
certain that the range over which we have estimated the changes is 
normal. At pH 7.35 J. 8. H.’s blood shows an estimated CO, tension 
of 41.5 mm., which is about what J. 8. H. considers normal for his 
thoroughly studied blood. Also this is the identical blood on which 
was based chiefly the calculation of Peters’ equation used by us for esti- 
mating the effect of reduction of the hemoglobin, so that there appears 
to be slight danger of error in the estimation of this factor. Of the two 
sets of data, therefore, it appears that those on the blood of J. 8. H. more 
certainly represent the exact conditions in the organism than do those 
of J. J., although it is quite possible that the latter are exact also, and 


the differences between the two bloods represent genuine individual 
variation. 
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CONCLUSIONS 


The carriers of carbon dioxide may be most simply described as sub- 
stances which hold in combination alkali, of which they supply to 
CO., as it enters the blood, sufficient to bind nearly all of it as alkali 
bicarbonate. When the CO, leaves the blood, they recombine with 
their alkali. By such reactions, despite changes in CO, content and CO, 
tension, the alkalinity of the blood in a given normal individual is main- 
tained constant within marvelously narrow limits. 

The chief carbon dioxide carrier of the blood is the hemoglobin. It 
is almost as completely responsible for the transport of carbon dioxide 
in the blood as it is for the transport of oxygen. Of the alkali furnished 
to neutralize the CO, that enters the venous blood, from 80 to 95 per 
cent, sometimes possibly all, comes from the hemoglobin. Of such 
alkali, the greater part is set free when the relatively strong acid, oxy- 
hemoglobin, is changed by loss of oxygen to the much weaker one, 
reduced hemoglobin. A smaller part of the alkali is furnished by the 
unchanged oxyhemoglobin, which is itself an efficieht buffer at blood 
reaction. The relatively slight remainder is furnished by the other 
buffers, viz., the phosphate in the cells, the proteins in the plasma, 
and the bicarbonate. 

The hemoglobin from its location in the cell is able to increase the 
alkali content of the plasma by withdrawing Cl into the cells from the 
plasma NaCl, thereby leaving the Na toform NaHCQ;. The cells are 
also freely permeable to the H.COs, so that the latter can enter them 
to combine with the alkali furnished by the hemoglobin, thereby 
decreasing the H:CO; of the plasma at the same time that the Cl 
shift increases its NaHCO;. By means chiefly of the exchange of 
carbonic and hydrochloric acids with the plasma, the cells are enabled 
to use their reserves of buffer alkali to maintain constancy of reac- 
tion in the plasma, although the buffers themselves (hemoglobin and 
phosphates) do not leave the cells. 
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